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instrumentación	adecuada	para	obtener	 la	 información	 requerida	en	 cada	 caso	en	estudio.	
Fruto	de	ello	ha	sido	su	excelente	 formación	sobre	vitamina	D	y	sus	metabolitos,	de	 la	que	
han	 resultado	 los	artículos	que	 componen	 la	Memoria	de	 la	Tesis,	 además	de	 los	 incluidos	
como	anexos:	todos	ellos	constituyen	un	aval	patente	de	las	mejoras	indiscutibles	que	se	han	
conseguido	 con	 el	 desarrollo	 de	 la	 investigación	 realizada.	 Resultado	 de	 la	 formación	
adquirida	es	también	el	interés	de	la	firma	Agilent	Hispania	(de	la	que	se	adquirió	en	su	día	la	








de	 líquidos	 y	 un	 detector	 de	 masas	 de	 triple	 cuadrupolo	 (SPE–LC–MS/MS	 QqQ)	 para	 la	
determinación	en	sangre	de	vitamina	D	(tanto	de	la	forma	D2	como	de	la	D3)	y	sus	principales	
metabolitos	{monohidroxilados	—25(OH)D2	y	25(OH)D3—,	y	dihidroxilados	—1,25(OH)2D2,	
1,25(OH)2D3,	 y	24,25(OH)2D3)},	 con	utilización	de	patrones	marcados	 isotópicamente	 (SIL-
ISs)	y	validación	externa	basada	en	el	programa	DEQAS.	La	posterior	ampliación	del	método	
para	 abarcar	 la	 discriminación	 de	 los	 epímeros	 del	 monohidroximetabolito	 25(OH)D3	





Para	 completar	 los	 aspectos	 relacionados	 con	 la	 aplicabilidad	 del	 método	 se	 realizó	 el	
estudio	de	la	idoneidad	del	suero	y/o	el	plasma	para	determinar	los	compuestos	en	estudio,	
del	 tipo	de	 tubo	para	 la	recogida	de	 la	muestra	y	de	 la	necesidad	o	no	de	desproteinizarla.	
Finalmente,	un	estudio	de	la	estabilidad	de	los	diferentes	metabolitos	cuando	las	muestras	se	
sometieron	 a	 diferentes	 condiciones	 de	 almacenamiento	 (temperatura,	 ciclos	 de	




(Instituto	 de	 Salud	 Carlos	 III,	 Hospital	 San	 Rafaelle,	 de	 Milán,	 Italia,	 etc.)	 de	 pacientes	



































































































































































































sus	metabolitos	en	 sangre	 (suero	y	plasma).	Los	analitos	a	estudiar	abarcaron	 la	
vitamina	 D	 (en	 las	 formas	 D2	 y	 D3)	 y	 sus	 principales	 metabolitos	 mono	 y	
dihidroxilados.	Se	pretendió	soportar	el	método	en:	(i)	la	completa	automatización	
del	 proceso	 analítico	 (para	un	 funcionamiento	 ininterrumpido	y	 sin	 atención	del	
operador	durante	24	h/día,	evitando	o	minimizando	así	la	sobrecarga	de	muestras	
en	el	laboratorio),	además	de	una	adecuada	validación.	(ii)	La	multideterminación,	




mismo:	 la	 selección	 del	 tipo	 de	 muestra	 derivada	 de	 la	 sangre	 total	 (suero	 o	
plasma)	 y	 del	 contenedor	de	muestra	 y,	 especialmente,	 el	 procedimiento	 óptimo	
de	preparación	de	la	muestra.	(iv)	La	suficiente	información	sobre	la	estabilidad	de	
la	muestra	para	evaluar	el	efecto	de	la	temperatura	de	almacenamiento	durante	un	
periodo	 establecido	 de	 dos	 meses	 en	 las	 propiedades	 analíticas	 del	 método	 en	
función	 del/los	 analito/s	 a	 determinar.	 (v)	 La	 aplicación	 masiva	 a	 muestras	
procedentes	de	diferentes	 centros	de	 investigación	y	de	pacientes	 con	diferentes	
enfermedades,	 para	 poner	 así	 de	 manifiesto	 las	 fortalezas	 y	 debilidades	 del	
método	y	ayudar	a	conocer	los	cambios	que	se	producen	en	los	metabolitos	a	causa	
de	enfermedades	concretas.	
Este	 ambicioso	 objetivo	 se	 consiguió	 paso	 a	 paso	 al	 ir	 alcanzando	 los	 siguientes	
objetivos	específicos:	
(i)	Automatizar	y	validar	un	método	basado	en	el	acoplamiento	en	línea	de	







principales	 metabolitos	 monohidroxilados	 (25-hidroxivitamina	 D2	
[25(OH)D2]	 y	 25-hidroxivitamina	 D3	[25(OH)D3])	 y	 dihidroxilados	 (1,25-
dihidroxivitamina	 D2	 [1,25(OH)2D2],	 1,25-dihidroxivitamina	 D3	
[1,25(OH)2D3]	 y	 24,25-dihidroxivitamina	 D3	 [24,25(OH)2D3])	 constituyó	
un	 objetivo	 específico	 clave.	 El	 uso	 de	 estándares	 internos	 marcados	
isotópicamente	 (SIL-ISs)	 y	 la	 validación	 externa	 de	 acuerdo	 con	 el	
programa	 de	 validación	 “vitamin	 D	 External	 Quality	 Assurance	 Scheme	
(DEQAS)”	 contribuyeron	 a	 dar	 un	 soporte	 sólido	 al	 método,	 tal	 como	
recoge	el	Capítulo	1.	
(ii)	 Ampliar	 el	 número	 de	 metabolitos	 determinados	 fue	 el	 objetivo	
específico	 del	 que	 resultó	 la	 discriminación	 de	 los	 epímeros	 25(OH)D3,	
además	de	mantener	el	resto	de	los	hidroximetabolitos.	La	cromatografía	
de	 líquidos	 bidimensional	 (LC×LC)	 con	 una	 etapa	 previa	 de	 SPE	 y	 la	
subsiguiente	 detección	mediante	MS/MS	 hicieron	 posible	 la	 consecución	
de	 este	 objetivo:	 un	método	 ampliado	 y	 validado	mediante	 aplicación	 a	




específico,	 los	 resultados	 del	 cual	 conforman	 el	 Capítulo	 3.	 Se	 utilizaron	
diferentes	tubos	de	recogida,	con	y	sin	recubrimiento	interno	por	gel,	para	
obtener	 el	 suero	 y	 el	 plasma.	 Por	 otra	 parte,	 la	 información	 necesaria	
sobre	la	etapa	de	preparación	de	la	muestra	se	obtuvo	comparando	cómo	
afecta	a	 cada	uno	de	 los	analitos	 la	desproteinización	o	 la	SPE	previas	al	
análisis	mediante	LC–MS/MS.	
(iv)	 Estudiar	 la	 estabilidad	 de	 los	 analitos	 de	 las	 muestras	 de	 suero	
sometidas	 a	 diferentes	 condiciones	 de	 conservación	 durante	 dos	 meses	





obtenidos	 en	 el	 seguimiento	 mediante	 LC–MS/MS	 permitió	 conocer	 la	
magnitud	de	los	cambios	experimentados	por	cada	uno	de	los	compuestos	
en	estudio,	con	especial	énfasis	en	los	metabolitos.	Un	logro	interesante	de	
este	estudio	 fue	 la	 comprobación	de	que	 la	estabilidad	de	 los	analitos	 se	
mantiene	de	forma	general	cuando	las	muestras	se	liofilizan.	Todos	estos	
aspectos	constituyen	el	Capítulo	4.	
(v)	Validar	 el	 excelente	 comportamiento	del	método	 fue	 el	 último	de	 los	
objetivos	 específicos	 de	 la	 Tesis,	 al	 cual	 el	 estudiante	 le	 dedicó	 un	 largo	
periodo	de	tiempo.	Algunos	de	los	ejemplos	de	aplicación	del	método	por	
el	doctorando	son	los	siguientes:	análisis	de	546	muestras	de	suero	de	una	
cohorte	 de	 mujeres	 con	 cáncer	 de	 mama	 y	 558	 mujeres	 control	 (del	
proyecto	MCC	del	Instituto	de	Salud	Carlos	III,	Madrid);	1472	muestras	de	
suero	de	una	cohorte	de	mujeres	pre-	y	postmenopáusicas	 (proyecto	del	
mismo	 instituto);	 314	 muestras	 de	 suero	 de	 pacientes	 con	 esclerosis	
múltiple	(proyecto	sobre	vitamina	D	y	esclerosis	múltiple	en	pacientes	con	
síndromes	 clínicamente	 aislados,	 del	 Hospital	 San	 Rafaelle	 de	 Milán,	
Italia).	Los	datos	analíticos	han	sido	y	están	siendo	en	la	actualidad	usados	
con	 éxito	 por	 los	 participantes	 en	 los	 proyectos	 para	 la	 obtención	 de	
resultados	que	soporten	o	destruyan	las	hipótesis	propuestas.	Algunos	de	
los	 datos	 obtenidos	 en	 los	 análisis	 realizados	 se	 han	 tratado	 desde	 el	
punto	 de	 vista	 analítico–quimiométrico	 y	 han	 dado	 lugar	 al	 Capítulo	 5,	
cuyo	contenido	se	ha	enviado	a	la	revista	Journal	of	Steroid	Biochemistry	
and	Molecular	Biology	para	 su	publicación.	 El	 resto	de	 los	 resultados	de	
los	análisis	masivos	de	muestras	clínicas	se	resumen	como	Capítulo	6.		
El	objetivo	 final	de	una	Tesis	Doctoral	es	 la	 formación	del	 futuro	doctor,	que	en	
este	 caso	 ha	 incluido	 el	 máster	 en	 “Química	 fina”,	 en	 el	 que	 el	 doctorando	 ha	
desarrollado	 los	 cursos	 correspondientes.	 En	 paralelo	 con	 la	 investigación	 que	







Anexo	 I:	 Revisión	 bibliográfica	 sobre	 el	 papel	 del	 sudor	 como	
muestra	analítica,	una	de	las	primeras	publicadas	en	esta	área.	
	 Anexo	II:	Publicaciones	derivadas	del	proyecto	MCC.	
Anexo	 III:	 Investigación	 realizada	 en	 colaboración	 con	 el	
Departamento	 de	 Farmacología,	 Toxicología	 y	 Medicina	 Legal	 y	
Forense	de	la	Facultad	de	Veterinaria	de	la	UCO.		
Anexo	 IV:	 Investigación	 realizada	 en	 colaboración	 con	 el	
Departamento	de	Agronomía	de	la	Facultad	de	Ciencias	de	la	UCO.	
Anexo	 V:	 Investigación	 realizada	 en	 colaboración	 con	 el	
Laboratorio	 de	 Farmacognosia	 y	 Química	 de	 los	 Productos	
Naturales	de	la	Facultad	de	Farmacia	de	la	Universidad	de	Atenas.	


















to	work	 unattended	 for	 long	 time	 intervals	 able	 to	 establish	 24-h	working	 days,	
thus	 avoiding	 or	 minimizing	 sample	 overload—,	 and	 sufficient	 validation	 of	 the	
proposed	 method.	 (ii)	 Multidetermination,	 encompassing	 as	 many	 analytes	 as	
possible	to	obtain	quantitative	information	of	vitamin	D	metabolism.	(iii)	In-depth	
study	 of	 basic	 information	 on	 the	 first	 steps	 of	 the	 method	 for	 quantitation	 of	
vitamin	D	and	 its	metabolites	and	 their	 contribution	 to	 the	analytical	 features	of	
the	method:	selection	of	the	type	of	blood-derived	sample	(serum	or	plasma)	and	
the	 sample	 container,	 and	 specially,	 the	 optimal	 sample	 preparation	 procedure.	
(iv)	 Enough	 information	 on	 sample	 stability	 to	 evaluate	 the	 effect	 of	 storing	
temperature	for	a	2-month	preset	period	on	the	analytical	features	of	the	method.	
(v)	Massive	 application	 to	 samples	 from	 different	 research	 centers	 and	 patients	
with	different	diseases,	thus	checking	the	strengths	and	weaknesses	of	the	method	
and	helping	to	know	the	changes	in	metabolites	owing	to	given	diseases.			
This	 ambitious	 objective	 was	 achieved	 step	 by	 step	 by	 reaching	 the	 following	
specific	objectives:	
(i)	To	automate	and	validate	a	method	based	on	the	on-line	coupling	of	an	
SPE	 station	 to	 a	 liquid	 chromatograph–tandem	mass	 spectrometer	 (LC–
MS/MS)	 arrangement	 for	 in	 serum	 determination	 of	 vitamin	 D	 (both	 D2	
and	D3)	and	 its	main	monohydroxylated	metabolites	(25-hydroxyvitamin	
D2	 [25(OH)D2]	 and	 25-hydroxyvitamin	 D3	 [25(OH)D3]),	 and	 dihydroxy-
lated	 metabolites	 (1,25-dihydroxyvitamin	 D2	 [1,25(OH)2D2],	 1,25-
dihydroxyvitamin	 D3	 [1,25(OH)2D3],	 and	 24,25-dihydroxyvitamin	 D3	





isotopically	 labeled	 internal	 standards	 (SIL-ISs)	 and	 external	 validation	
according	 to	 the	 vitamin	D	 External	 Quality	 Assurance	 Scheme	 (DEQAS)	
contributed	to	giving	a	solid	support	to	the	method,	as	shown	in	Chapter	1.	
(ii)	 To	 expand	 the	 number	 of	 metabolites	 to	 be	 determined	 was	 the	
specific	objective	 that	 resulted	 in	discrimination	of	25(OH)D3	epimers,	 in	
addition	 to	 the	 rest	 of	 hydroxymetabolites.	 Two-dimensional	 liquid	
chromatography	 (LC×LC)	 with	 a	 previous	 SPE	 step	 and	 subsequent	
MS/MS	detection	allowed	consecution	of	this	objective	that	resulted	in	an	
expanded	 method,	 then	 validated	 by	 application	 to	 samples	 from	 the	
DEQAS	program	and	a	certified	reference	material	 (CRM)	 from	the	NIST,	
as	shown	in	Chapter	2.	
(iii)	 To	 know	 the	 best	 blood-derived	 sample	 (serum	 or	 plasma)	 and	 the	
best	sample	preparation	procedure	constituted	the	third	specific	objective,	






(iv)	 To	 study	 the	 stability	 of	 analytes	 of	 blood	 derived	 samples	 (serum)	
under	 different	 storage	 conditions	 for	 two	months	 was	 another	 specific	
objective.	 The	 statistical	 study	 of	 the	 data	 obtained	 by	 LC–MS/MS	
monitoring	 allowed	 establishing	 the	 significance	 of	 the	 changes	 ex-
perienced	 by	 each	 of	 the	 target	 compounds,	 with	 especial	 emphasis	 on	
metabolites.	 An	 interesting	 achievement	 of	 this	 study	 was	 to	 check	 the	








by	 the	 PhD-student.	 Thus,	 546	 serum	 samples	 from	 a	 cohort	 of	 women	
with	breast	cancer	and	558	control	women	(project	MCC,	Health	Institute	
Carlos	 III,	Madrid);	1472	serum	samples	 from	a	 cohort	of	pre-	 and	post-
menopausal	women	(project	from	the	same	institute);	314	serum	samples	
from	 patients	 with	 multiple	 sclerosis	 (project	 vitamin	 D	 and	 multiple	
sclerosis	 in	 patients	 with	 clinically	 isolated	 syndromes,	 San	 Rafaelle	
Hospital,	 Milan,	 Italy)	 are	 some	 examples	 of	 the	 experience	 of	 the	 PhD-
student	in	applying	the	developed	method.	The	analytical	data	have	been,	
and	are	at	present,	successfully	used	by	the	projects	participants	to	obtain	
results	 that	 support	 or	 bring	 down	 given	 hypotheses.	 Some	 of	 the	 data	
obtained	 in	 the	 analyses	 have	 been	 treated	 from	 the	 analytical–
chemometric	point	of	view	giving	place	to	Chapter	5,	the	content	of	which	
has	been	sent	to	Journal	of	Steroid	Biochemistry	and	Molecular	Biology	for	
publication.	 The	 rest	 of	 the	 results	 from	 the	massive	 analysis	 of	 clinical	
samples	are	summarized	as	Chapter	6.	
The	formation	of	the	future	PhD,	final	objective	of	a	Doctoral	Thesis,	has	included	
the	 master	 on	 “Fine	 Chemistry”,	 in	 which	 the	 PhD	 student	 developed	 the	
mandatory	 courses.	 In	 parallel	 to	 the	 research	 that	 constitutes	 the	 experimental	












Annex	 IV:	 Research	 developed	 in	 collaboration	 with	 the	
Department	of	Agronomy,	Faculty	of	Sciences,	UCO.	
Annex	 V:	 Research	 developed	 in	 collaboration	 with	 the	
Laboratory	 of	 Pharmacognosy	 and	 Natural	 Products	 Chemistry,	
Faculty	of	Pharmacy,	University	of	Athens.	
Annex	 VI:	 Research	 developed	 in	 collaboration	 with	 other	
members	of	our	research	group.	





















The	 late	 twentieth	 century,	 more	 than	 three	 decades	 ago,	 was	 notorious	 for	
revolutionizing	the	life	sciences	with	the	emergence	and	subsequent	expansion	of	





as	 lipids,	 glycans,	 toxics,	 foreign	 substances,	 or	 even	 interactions	 among	 them,	
provides	 the	 secondary	 omics	 (lipidomics,	 glycomics,	 toxicomics,	
xenometabolomics,	 and	 interactomics,	 respectively),	 all	 them	as	parts	of	primary	
omics.		
The	 term	 metabolome	 and	 the	 derived	 omics	 were	 not	 used	 until	 2002,	 when	
Fiehn	defined	metabolomics	as	a	global	 and	comprehensive	analysis	 in	which	all	
metabolites	of	a	biological	system	are	 identified	and	quantified	[1].	However,	 the	
term	metabolome	 first	 appeared	 in	 the	 literature	 in	 1998,	when	Oliver	 et	al.	 [2]	
measured	the	change	in	the	relative	concentrations	of	metabolites	as	the	result	of	
deletion	or	overexpression	of	a	gene.	In	the	last	decade,	other	ways	have	appeared	
in	 the	 literature	 to	 define	 and	 classify	 metabolomic	 studies.	 Beyoğlu	 and	 Idle	
(2013)	combined	all	of	 them	in	a	broad	definition	of	 the	discipline	as	"the	global	
and	 unbiased	 study	 of	 small	 molecules	 (<1	 kDa)	 in	 a	 biofluid,	 tissue,	 organ	 or	
organism"	[3].	
The	 information	 provided	 by	 metabolomics	 would	 lead	 to	 the	 complete	
metabolome,	which	 is	 defined	 as	 the	quantitative	 complement	 of	 low-molecular-





organism	 under	 a	 given	 set	 of	 physiological	 conditions	 or	 under	 different	
perturbations	(e.g.,	genetic	variations,	pathological	states	or	responses	to	external	
stimuli)	 [4].	 The	 metabolome,	 and	 therefore	 the	 metabolic	 state	 of	 a	 living	
organism,	 can	 be	 affected	 by	 various	 intrinsic	 factors	 (age,	 health	 status,	
reproductive	 status,	 etc.)	 and	 extrinsic	 factors	 (nutrients,	 artificial	 compounds	
such	as	pesticides,	fertilizers,	environmental	pollutants,	etc.).	Therefore,	the	study	
of	 the	metabolome	 is	 of	 great	 importance	 to	 know	 the	 state	 of	 an	 organism	 and	
how	 it	 is	 affected	 by	 the	 environment.	 In	 the	 case	 of	 cells	 and	 tissues,	 the	
metabolome	 comprises	 the	 endometabolome	 (all	 intracellular	 metabolites)	 and	
exometabolome	 (all	 metabolites	 that	 are	 excreted	 to	 the	 growth	 medium	 or	
extracellular	fluid).		
On	 the	 other	 hand,	 metabolism	 is	 an	 extensive	 network	 of	 metabolic	 reactions	
where	 the	 products	 of	 one	 reaction	 are	 the	 reactants	 of	 a	 subsequent	 reaction.	
Therefore,	 a	 metabolite	 is	 defined	 as	 "any	 intermediate	 or	 end	 product	 of	
metabolism,	 usually	 restricted	 to	 small	 molecules	 that	 are	 not	 genetically	
encoded".	 Depending	 on	 the	 metabolic	 pathways	 in	 which	 the	 metabolites	 are	
involved	and	their	function,	they	can	be	classified	into	primary	metabolites	(those	
that	 are	 directly	 involved	 in	 the	 growth,	 development	 and	 reproduction	 of	 the	
organism)	or	secondary	metabolites	(those	no	directly	involved	in	the	processes	of	
growth,	 development	 and	 reproduction,	 but	 generally	 they	 have	 a	 key	 biological	
function	 as,	 for	 example,	 defense	 against	 predators,	 parasites	 or	 diseases,	
competition	 among	 species,	 facilitating	 reproduction	 processes	 or	 in	 cellular	
signaling	mechanisms).	
In	 the	 great	 diversity	 of	 chemical	 structures	 in	 the	 metabolome,	 there	 are	
endogenous	 and	 exogenous	 metabolites;	 the	 former	 (including	 amino	 acids,	
organic	 acids,	 nucleic	 acids,	 fatty	 acids,	 sugars,	 vitamins,	 cofactors,	 pigments,	







1.2.	 Relationship	 of	 metabolomics	 with	 other	 great	 omics	 and	 secondary	
omics	






Figure	 1	 schematizes	 both	 the	 traditional	 central	 dogma	 of	 molecular	 biology,	
where	the	flow	of	information	goes	from	genes	to	transcripts	to	proteins,	finishing	
with	 the	 site	 where	 enzymes	 act	 on	 metabolism	 (Figure	 1.A),	 and	 the	 omics	
organization	 (Figure	 1.B),	 where	 the	 flow	 of	 biological	 information	 ends	 in	 the	
metabolites	and	is	finally	reflected	in	the	phenotype.	
A	 fundamental	aspect	 that	differentiates	systems	biology	 from	the	central	dogma	
of	 molecular	 biology	 is	 that	 the	 latter	 is	 governed	 by	 unidirectionality	 in	 the	
expression	 of	 information	 from	 the	 genes	 of	 a	 cell	 or	 organism	 (viz.,	 DNA)	 to	 its	
transcription	 at	 mRNA	 and	 its	 translation	 to	 proteins	 that	 catalyze	 metabolic	
reactions,	as	shows	Figure	1.A.	
The	 metabolome	 is	 the	 level	 of	 the	 functional	 cascade	 that	 best	 reflects	 the	
physiological	state,	being	not	only	the	most	sensitive	to	any	change,	either	internal	
or	 external,	 but	 its	 ultimate	 expression,	 since	 the	metabolites	 are	 the	 real	 active	
regulating	 agents	 of	 homeostasis	 [7].	 Hence,	 metabolomics	 is	 one	 of	 the	 most	
powerful	bioanalytical	strategies	as	it	allows	obtaining	a	picture	of	the	metabolites	













In	 contrast	 to	 proteins	 or	 genes,	 which	 are	 activated	 by	 post-translational	 or	
epigenetic	modifications,	respectively,	metabolites	result	from	cellular	activity	and	
serve	as	direct	indicators	of	the	biochemical	activity	of	the	cell	in	each	time.	In	fact,	
physiological	 changes	 resulting	 from	 gene	 deletion	 or	 overexpression	 are	
amplified	 through	 the	 hierarchy	 of	 the	 transcriptome	 and	 proteome	 and	 are,	
therefore,	more	easily	measurable	through	the	metabolome,	even	when	changes	in	
metabolic	 fluxes	are	negligible	 [8].	Thus,	small	changes	 in	 the	expression	 level	of	
individual	 proteins	 have	 large	 effects	 on	 the	 concentrations	 of	 intermediary	
metabolites.	As	a	result,	the	metabolome	is	more	sensitive	to	overall	perturbations	





pathways	 is	 reflected	more	 directly	 in	 the	 concentrations	 of	metabolites	 than	 in	
those	of	the	relevant	enzymes	or,	indeed,	those	of	their	encoding	mRNAs	[9].	
In	brief,	metabolomics	has	been	developed	into	a	more	integrative	approach	than	
other	 omics	 approaches.	 Thus,	 it	 is	 not	 surprising	 that	 metabolic	 studies	 are	
increasingly	 being	 used	 in	 clinical	 diagnosis	 since	 the	 metabolic	 profile	 closely	
reflect	 the	 total	 cellular	 state.	 Serve	 as	 a	 measure	 of	 the	 relevance	 of	 the	
metabolomics	a	quote	from	James	Watson,	Nobel	Laureate	for	the	discovery	of	the	
DNA	 structure,	who,	 in	 a	 recent	 interview,	 said:	 "If	 I	 had	 to	 do	 a	 doctorate	 right	
now,	 I	 would	 do	 it	 on	 metabolomics"	 [10].	 Thus,	 the	 use	 of	 metabolomics	 has	
grown	 exponentially	 in	 the	 last	 decade.	 Nowadays,	 metabolomics	 is	 a	 mature	
discipline	with	a	status	similar	to	that	of	other	major	omics	due	to	the	relevance	of	




as	 rapidly	 as	 genomics	 or	 proteomics.	 This	 is	 due	 to	 several	 aspects	 that	 are	
determined	by	the	physicochemical	characteristics	of	the	small	organic	molecules.	
Unlike	 genes,	 mRNAs	 and	 proteins,	 all	 of	 which	 are	 biopolymers	 that	 encode	
information	 from	 a	 sequence	 of	 well-known	 monomers	 (or	 residues)	 —e.g.,	
nucleotides	 and	amino	acids—,	 the	metabolites	 are	 chemical	 entities	 that	do	not	
originate	 from	 a	 transfer	 of	 information	 between	 residues	 within	 the	 cell.	 The	
great	 success	 in	 the	 characterization	 of	 genes,	 mRNA	 and	 proteins	 is	 a	 direct	
consequence	 of	 technologies	 and	 bioinformatics	 tools	 capable	 of	 amplifying	 and	
subsequently	 characterizing	 the	 sequence	 of	 nucleotides	 and	 amino	 acids,	
respectively,	 in	 these	 biopolymers.	 Metabolomics,	 however,	 aims	 to	 detect,	
quantify	 and	 elucidate	 the	 structure	 of	 the	metabolites	 characterized	 by	 a	 great	
physicochemical	diversity	in	their	molecular	structures	[11].	









Figure	 2.	Evolution	of	 the	number	of	publications	on	 the	great	omics	 since	1990	 to	2017	
(data	collected	from	Scopus	database).	
	
This	 leads	 inevitably	 to	use	multiple	platforms	and	analytical	 configurations	 that	
maximize	the	coverage	of	the	analyzed	metabolome,	something	that	does	not	occur	
in	genomics	or	proteomics	experiments.	However,	metabolomics	presents	positive	
characteristics	 that	 promote	 its	 use	 and	 establish	 differences	 with	 other	 omics,	
such	as:		
-The	existence	of	robust	and	stable	analytical	platforms	for	the	analysis	of	
a	 significant	 number	 of	 metabolites,	 as	 a	 result	 of	 research	 in	 this	 area	


















































































































-The	 analytical	 platforms	used	 in	metabolomics	 studies	 characterized	 by	
excellent	 analytical	 and	 biological	 reproducibility	 with	 a	 low	 cost	 of	
analysis	 per	 sample,	 as	 opposed	 to	 the	 costs	 of	 any	 other	 major	 omics	
application.	This	 fact	 facilitates	 application	 to	 a	high	number	of	 samples,	
and	 extensive	 studies	 in	 cohorts	 with	 a	 significant	 biological	 variability;	
thus	providing	wider	and	well-supported	information.	
-There	are	fewer	metabolites	than	genes	or	proteins.	According	to	a	recent	




of	 epigenomics—	 greatly	 increases	 the	 number	 of	 components	 [16].	
Therefore,	metabolomics	studies	 lead	 to	a	reduction	 in	 the	complexity	of	
the	 data,	 thus	 simplifying	 the	 analysis	 and	 increasing	 the	 probability	 of	
detecting	 significant	 changes	 that	 reflect	 the	 biological	 problem	 under	
study	[17].	
-	 The	 technology	 involved	 in	 metabolomics	 is	 generic,	 as	 a	 given	
metabolite	(unlike	a	transcript	or	protein)	 is	the	same	in	every	organism	
that	contains	it	[18].	












Negative	 or	 unsolved	 aspects	 of	 metabolomics	 that	 make	 it	 more	 complex	 than	
other	omics	are	the	following:		




-	 The	 concentrations	 at	 which	 the	 metabolites	 appear	 in	 the	 organisms	
cover	more	than	nine	orders	of	magnitude	(from	picomol	to	millimol)	and	
make	 necessary	 the	 application	 of	 very	 different	 techniques	 both	 for	







multitude	of	case	studies.	Thus,	 the	wide	 thematic	diversity	 in	metabolomics	has	
led	 to	 a	 series	 of	 subdisciplines	 that,	 depending	 on	 their	 extension,	 can	 be	
classified	 as	 primary	 or	 secondary.	 Among	 the	 former	 are	 lipidomics,	
xenometabolomics,	 clinical	 metabolomics	 and	 nutrimetabolomics	 or	 nutritional	
metabolomics.	 Secondary	 subdisciplines	 of	 metabolomics	 are	 pharmaco-
metabolomics,	 environmental	 metabolomics,	 cardiometabolomics,	 secretomics,	
cosmetobolomics,	 microbial	 metabolomics	 and	 many	 others	 that	 have	 emerged	
and	 will	 continue	 to	 emerge	 in	 view	 of	 the	 importance	 of	 the	 applications	 of	
metabolomics	in	new	sectors.	






tissues,	 which	 are	 influenced	 by	 their	 genetic,	 epigenetic,	 environmental	
exposures,	diet	and	behavior.	
1.3.	Metabolomics	strategies	
Metabolomics	 analysis	 encompasses	 different	 strategies	 the	 nature	 of	 which	
depends	 on	 the	 objective	 of	 the	 study	 and	 previous	 knowledge	 of	 the	 biological	
problem	[20].	
-Targeted	 analysis,	 defined	 as	 a	 quantitative	 analysis	 (concentrations	 are	
determined)	or	semiquantitative	analysis	(relative	signals	are	registered)	of	a	few	
metabolites	and/or	substrates	of	metabolic	 reactions	 that	might	be	associated	 to	
common	 chemical	 classes	 or	 linked	 to	 selected	metabolic	 pathways	 [21].	 In	 this	
metabolomics	approach	there	is	a	previous	knowledge	of	the	metabolites	involved	
in	the	biological	process	under	study.	Therefore,	selection	of	the	most	appropriate	
analytical	 technique	and	 the	best	 sample	preparation	as	 a	 function	of	 the	nature	
and	abundance	of	the	target	metabolites,	looking	for	sufficient	sample	cleanup	and	
preconcentration,	 typically	 using	 solid-phase	 extraction	 (SPE)	 or	 liquid–liquid	
extraction	(LLE).		
A	mass	spectrometer	is	the	detector	of	choice	—particularly	the	triple	quadrupole	
(QqQ)	 approach—	 in	 targeted	 metabolomics	 because	 of	 its	 sensitivity	 and	
selectivity.	This	was	the	strategy	used	and	the	instrument	selected	to	develop	the	
research	that	constitutes	the	present	Thesis-Book.	
-Untargeted	 analysis,	 based	 primarily	 on	 the	 qualitative	 or	 semiquantitative	
analysis	of	the	largest	possible	number	of	metabolites	from	a	diversity	of	chemical	
and	 biological	 classes	 contained	 in	 a	 biological	 specimen	 [22].	 Detection	 of	 this	
wide	 range	 of	metabolites	 can	 be	 done	 through	 a	 single	 analytical	 platform	or	 a	





resonance	 (NMR)	 or	 mass	 spectrometry	 (MS),	 along	 with	 gas	 chromatography	
(GC),	 liquid	 chromatography	 (LC)	 or,	 less	 commonly,	 capillary	 electrophoresis	
(CE).	In	these	studies,	the	relative	concentrations	of	the	analyzed	metabolites	are	
generally	 calculated	and	 their	variations	between	 two	or	more	system	situations	
are	studied.	In	untargeted	approaches,	the	sample	preparation	step	kept	as	simple	
as	 possible	 to	 obtain	 the	 widest	 metabolite	 coverage.	 Non-selective	 sample	
pretreatments	 such	 as	 protein	 precipitation	 (PP)	 for	 plasma/serum	 and	 simple	
dilution	 for	 urine	 samples	 (referred	 to	 as	 dilute-and-shoot)	 are	 generally	 used	
[23,24].	 Besides,	 the	 data	 set	 obtained	 by	 applying	 these	 methods	 is	 very	
extensive,	 so	 it	 requires	 treatments	with	 advanced	 chemometric	 approaches	 for	
conversion	into	manageable	signals	and,	 finally,	 interpretable	results.	The	signals	
require	 annotation	 using	 either	 available	 experimental	 libraries,	 structural	
elucidation	 by	 in	 silico	 fragmentation	 tools	 or	 experimental	 identification.	 Thus,	
this	 strategy	 allows	 identification	 of	 new	 metabolites	 involved	 in	 metabolic	
pathways	 and,	 therefore,	 the	 knowledge	 of	 these	 routes.	 This	 strategy	 was	 not	
required	for	development	of	the	planned	research;	nevertheless,	the	formation	of	
the	 PhD	 student	 involved	 training	 on	 this	 strategy	 by	 using	 chromatographic	
equipment	coupled	to	quadrupole	time-of-flight	(QTOF)	detectors.	
-Metabolomics	 fingerprinting,	 defined	 as	 a	 high	 throughput,	 fast	
methodology	for	analysis	of	biological	samples	that	provides	fingerprints	
for	sample	classification	and	screening	[25].	Fingerprinting	is	not	focused	
on	 particular	 metabolite(s);	 therefore,	 it	 allows	 discovery	 of	 novel	
metabolic	pathways	disturbed	by	the	disease	or	preset	stimulus.	
-Metabolomics	footprinting,	term	proposed	in	2005	by	Kell	et	al.	to	refer	to	
the	 study	 of	 metabolites	 in	 extracellular	 fluids,	 also	 known	 as	
exometabolome	 or	 secretome	 [26].	 As	 in	 the	 previous	 strategy,	 the	










rapid	 analysis	 of	 the	 sample.	 NMR,	 MS	 (depending	 on	 the	 complexity	 of	 the	
sample)	 and,	 to	 a	 lesser	 extent,	 infrared	 and	 Raman	 spectroscopies,	 are	 mainly	
used	 in	 this	context.	A	separation	technique	 is	generally	applied	 in	both	 targeted	
and	untargeted	analysis	prior	 to	 individual	detection	of	 the	metabolites	 for	 their	
quantification	or	identification,	being	GC	or	LC	the	most	used	in	this	area.	Then,	MS	




The	 last	 two	 strategies	 have	 not	 been	 applied	 for	 development	 of	 the	 research	


















are	 distributed	 between	 a	mobile	 phase	 (a	 liquid	 in	 LC,	 an	 inert	 gas	 in	 GC,	 or	 a	
supercritical	fluid	—SF—	in	the	case	of	supercritical	fluid	chromatography	—SFC)	




In	 LC	 the	 most	 determining	 component	 in	 the	 separation	 is	 the	 column,	 whose	
characteristics	define	the	chromatography	type	and	mode.	Reverse	phase	columns,	
mainly	 those	 packed	 with	 silica	 (C18	 or	 C8),	 are	 characterized	 by	 strong	
interaction	with	low	polarity	compounds,	whereas	normal	phase	columns,	such	as	
HILIC,	 are	 more	 effective	 for	 polar	 compounds,	 thus	 covering	 a	 wide	 range	 of	
metabolites	 with	 very	 different	 features.	 The	 combination	 of	 both	 GC	 and	 LC	
provides	 a	 higher	 level	 of	 information	 since	 there	 are	 metabolites	 that	 are	 not	
volatile	and	do	not	yield	volatile	products,	do	not	ionize	adequately	at	atmospheric	
pressure	 or	 are	 thermolabile.	 Therefore,	 both	 should	 be	 used	 complementary	 to	
get	 the	 best	 coverage	 of	 metabolites	 in	 the	 biological	 sample.	 However,	 the	
majority	 of	 metabolites	 to	 be	 separated	 by	 GC	 requires	 a	 laborious	 sample	
preparation	 step	 (hydrolysis,	 derivatization);	 thus,	 its	 use	 for	 clinical	 diagnostic	
and	large-scale	studies	can	be	limited.	The	increase	of	new	materials	that	provide	
new	 possibilities	 to	 LC	 are	 replacing	 GC	 applications,	 particularly	 in	 the	 field	 of	
high-throughput	targeted	metabolomics	due	to	the	easier	sample	preparation	(no	












the	 metabolites	 and	 wide	 dynamic	 range	 to	 detect	 metabolites	 with	 variable	
concentrations	in	complex	matrices.	MS	spectrometry	is	the	most	extensively	used	
analytical	technique	that	fulfils	these	requirements.		
The	 fundamental	 of	 MS	 is	 the	 differential	 displacement	 of	 ionized	 molecules	
through	vacuum	by	applying	an	electrical	field.	Simplistically,	a	mass	spectrometer	
consists	 of	 a	 sample	 inlet,	 an	 ion	 source,	 a	mass	 analyzer,	 a	 detector	 and	 a	 data	
system.	The	 sample	 inlet	has	 as	 function	 to	 introduce	 the	 sample	molecules	 into	
the	 ion	 source,	where	 they	 become	 ionized.	 The	 ion	 source	 generates	 gas-phase	
ions	via	an	ionization	technique,	the	mass	analyzer	separates	the	ions	according	to	
their	mass-to-charge	 ratio	 (m/z),	 and	 the	 detector	 generates	 an	 electric	 current	
from	the	incident	ions	that	is	proportional	to	their	abundances	[27].		
The	 required	 ionization	 of	 the	 target	 analytes	 prior	 to	 MS	 detection	 can	 be	
produced	 by	 different	 devices.	 The	 most	 common	 ionization	 sources	 in	
metabolomics	 are	 electrospray	 ionization	 (ESI),	 atmospheric	 pressure	 chemical	
ionization	(APCI)	and	atmospheric	pressure	photoionization	(APPI).	Among	them,	
ESI	 is	 the	 most	 widely	 used	 for	 untargeted	 metabolomics,	 mainly	 because	 it	
produces	a	soft	ionization	(viz,	 ions	are	generated	with	little	or	no	fragmentation,	
which	can	help	to	identify	unknown	metabolites),	and	also	because	it	can	ionize	an	
extensive	 polarity	 range	 of	 compounds.	 This	 ionization	 source	 has	 been	 widely	
applied	in	clinical	metabolomics	and	it	is	particularly	useful	when	coupled	to	LC	as	







ESI	 is	 a	process	 that	 creates	or	 transfers	 intact	 ions	 from	 the	 solution	 to	 the	gas	
phase	at	atmospheric	pressure.	 In	 the	coupling	of	an	ESI	 source	 to	LC,	 the	 liquid	
sample	from	the	chromatography	column	is	introduced	through	the	mobile	phase	
into	 a	 capillary	 tube	 applying	 a	 high	potential	 difference	 (±3–6	 kV)	 between	 the	
capillary	 tube	and	 the	 counter	 electrode	 in	positive	or	negative	 ionization	mode.	
The	electric	field	causes	an	accumulation	of	charge	at	the	liquid	surface	at	the	end	
of	 the	 capillary,	 which	 break	 the	 spray	 of	 highly	 charged	 droplets.	 This	
nebulization	 is	usually	assisted	by	a	 flow	of	gaseous	nitrogen	(the	nebulizer	gas)	
flowing	through	a	tube	coaxial	to	the	main	capillary,	aiding	in	the	formation	of	the	
aerosol.	 The	 drying	 gas	 evaporates	 the	 solvent	 in	 the	 droplets	 causing	 them	 to	
shrink.	 When	 the	 repelling	 forces	 come	 close	 to	 the	 cohesion	 forces,	 there	 is	 a	
columbic	 explosion.	The	droplets	undergo	 series	of	 ruptures	 resulting	 in	 smaller	
and	 smaller	droplets	which	will	 continue	 to	undergo	 successive	evaporation	and	
explosion	 processes	 till	 the	 repulsive	 columbic	 forces	 are	 great	 enough	 to	
overcome	 the	 forces	 of	 the	 surface	 tension	 of	 the	 droplet	 (Rayleigh	 limit).	 The	
fission	process	continues	until	each	droplet	contains	only	one	ion	at	the	end.	The	




ESI	 is	a	soft	 ionization	technique,	 the	 ions	produced	are	mainly	derived	 from	the	
incorporation	or	transfer	of	one	or	more	protons	to	the	molecules,	although	it	may	
also	 originate	 ions	 corresponding	 to	 adducts	 with	 other	 species	 present	 in	 the	
mobile	phase.	This	has	been	the	ionization	technique	used	for	development	of	the	
research	that	constitutes	this	Thesis-Book.	
Mass	 analyzers	 can	 be	 used	 either	 alone	 or	 combined.	 The	 combination	 can	 be	
made	 between	 the	 same	 type	 of	 mass	 analyzer	 or	 between	 different	 mass	





approach,	 the	 ions	 that	 arrive	 at	 the	 first	 mass	 analyzer	 (precursor	 ions)	 are	
isolated,	 subsequently	 fragmented,	 and	 finally	 the	 fragment	 ions	 are	 separated	
according	to	their	m/z	in	a	second	mass	analyzer	and	detected.	For	some	types	of	
mass	 analyzers,	 the	 number	 of	 mass	 analysis	 steps	 can	 be	 increased	 (i.e.,	 the	
fragment	 ions	 can	 be	 re-fragmented	 and	 further	 detected.	 In	 this	 case,	 the	
experiment	 is	 termed	multiple-stage	MS	 (MSn),	where	n	 refers	 to	 the	 number	 of	
mass	analysis	steps).	




(a)	Mass	 accuracy	 of	 the	measured	m/z	 provided	 by	 the	mass	 analyzer,	





(c)	Mass	range	or	 limits	of	m/z	within	which	an	MS	can	detect	 ions	or	 is	
operated	to	record	a	mass	spectrum.	
(d)	 Transmission	 efficiency	 or	 ratio	 of	 the	 number	 of	 ions	 reaching	 the	
detector	and	the	number	of	ions	leaving	the	mass	analyzer,	related	to	the	
sensitivity	of	 the	mass	 spectrometer	 (i.e.,	 the	minimal	 concentration	of	 a	
















Mass	 analyzers	 to	 be	 coupled	 to	 LC	 or	 GC	 are	 similar.	 However,	 the	 different	
physical	state	of	the	eluate	from	the	column	requires	a	different	insertion	into	the	
detection	 system.	 	 Therefore,	 whilst	 in	 GC	 the	 eluate	 is	 already	 a	 gas,	 in	 LC	 the	
eluate	is	a	liquid	that	must	be	evaporated	before	being	ionized,	as	explained	above	
in	the	description	of	the	ESI	process.	
The	 particularity	 that	 guides	 the	 choice	 of	 the	 instrument	 is	 the	 type	 of	
metabolomic	analysis	 to	be	performed,	either	targeted	or	untargeted.	As	the	goal	
of	 targeted	 metabolomics	 is	 to	 perform	 quantitative	 analysis	 of	 specific	
metabolites	 (or	 a	 defined	 set	 of	metabolites),	 the	main	 features	 for	 an	MS	 to	 be	
used	in	this	metabolomics	strategy	are	transmission	efficiency,	scan	cycle	time	and	
scan	speed.	 In	 this	case,	single	quadrupole	(Q),	 (QqQ),	quadrupole	 ion	 trap	(QIT)	
and	Orbitrap	(OT)	are	the	most	employed	instruments.	
The	main	demanded	 features	 for	 an	MS	 to	be	used	 for	untargeted	metabolomics	
are	mass	 resolution	 power,	mass	 range	 and	mass	 accuracy.	 In	 this	 case,	 time	 of	







a	 chromatographic	 separation	 by	 LC	 and	 subsequent	 detection	 by	 a	 QqQ	
instrument	such	as	that	described	below.	
-The	QqQ	mass	spectrometer	(see	Figure	3)	 consists	 of	 an	 ion	 source	 followed	by	
ion	optics	that	transfer	the	ions	to	the	first	quadrupole	—a	device	formed	by	four	
parallel	 rods	 to	 which	 specific	 direct	 current	 and	 radio	 frequency	 voltages	 are	
applied	[32].	The	rods	filter	out	all	ions	except	those	of	one	or	more	particular	m/z	









collision	 cell	 are	 then	 sent	 to	 the	 third	 quadrupole	 for	 a	 second	 filtering	 step	 to	
enable	isolation	and	subsequent	examination	of	multiple	precursor-to-product	ion	
transitions.	 This	 operational	 way	 is	 called	 multiple	 reaction	 monitoring	 mode	
(MRM).	 Since	 the	 fragment	 ions	 are	 pieces	 of	 the	 precursor,	 they	 represent	
portions	of	 the	overall	 structure	of	 the	precursor	molecule.	Due	 to	 the	 low-mass	





























As	 previously	 mentioned,	 LC–ESI-MS/MS	 is	 one	 of	 the	 most	 frequently	 used	
approaches	for	quantifying	endogenous	metabolites	in	biosamples	[34].	However,	
it	has	to	be	pointed	out	that	the	main	drawback	of	this	hyphenated	equipment	 is	
the	 ESI	 interface,	 which	 tends	 to	 suffer	 from	 matrix	 effects	 (MEs),	 either	 ion	
suppression	or	enhancement	[35],	leading	to	inaccurate	quantifications,	especially	
in	 dealing	with	 complex	matrixes.	 Ion	 suppression	 is	 caused	 by	 the	 presence	 of	
(endogenous	 or	 exogenous)	 coeluting	 components	 in	 the	 ion	 source	 of	 the	 MS,	
which	 has	 been	 attributed	 to	 numerous	 mechanisms	 including	 competition	 for	
“charges”	 between	 analytes	 and	 interfering	 compounds	 or	 a	 change	 of	 viscosity	
and/or	surface	tension	of	the	droplets	in	the	ion	source	[36,37].	
The	 two	 approaches	 commonly	 used	 for	 accurately	 quantifying	 endogenous	
metabolites	 are	 the	 standard	 addition	 method	 (SAM)	 and	 the	 stable	 isotope	
labeled-internal	 standard	 (SIL-IS)	 method	 [38].	 The	 former	 works	 by	 serial	
addition	 of	 target	 standards	 of	 the	 analytes	 into	 specific	 sample	 aliquots	 to	
establish	the	standard	addition	curve,	which	 is	an	effective	method	of	calibrating	
matrix	effects	caused	by	quantification	errors.	The	major	disadvantage	of	the	SAM	





ISs	 are	 chemically	 and	 structurally	 similar	 to	 the	 target	 analytes	 with	 specific	
atoms	in	the	analytes	replaced	by	their	corresponding	isotopes,	such	as	deuterium	
for	hydrogen,	13C	for	12C,	15N	for	14N,	or	18O	for	16O.	The	use	of	SIL-ISs	normalizes	
the	MS	 intensity	of	analytes	 to	 their	 isotopic	analogues	and,	 therefore,	effectively	
compensates	for	the	matrix	effect,	 ion	suppression	from	other	coeluting	analytes,	








Theoretically,	 since	 the	 SIL-IS	 is	 almost	 identical	 in	 structure	 to	 (and	 coelutes	
with)	the	analyte,	the	degree	of	ionization	suppression	or	enhancement	caused	by	
the	 coeluting	matrix	 components	 should	 be	 the	 same	 for	 the	 SIL-IS	 and	 analyte.	
Therefore,	 while	 the	 absolute	 response	may	 be	 affected,	 the	 analyte-	 to-IS	 peak	
area	 ratio	 should	 be	 unaffected	 and	 the	 analytical	 method	 should	 be	 accurate,	
precise	and	rugged.	The	mass	difference	between	the	target	analyte	and	SIL-IS	has	
to	be	more	than	3	mass	units	to	avoid	signal	contribution.	The	13C-	or	15N-labeled	
are	 often	more	 appropriate	 as	 IS	 than	 the	 2H-labeled	 ones,	 because	 the	 physical	





often	 not	 coeluted	 with	 the	 analyte	 of	 interest,	 and	 therefore,	 they	 would	
experience	levels	of	MEs	different	from	that	of	the	analyte.	As	a	result,	the	relative	
signal	 intensities	 of	 a	 metabolite	 and	 its	 analogue	 may	 not	 reflect	 their	
concentration	ratio	in	the	sample.	
In	 targeted	 analyses,	 the	 use	 of	 internal	 standards,	 especially	 SIL-ISs,	 is	










procedures	 (SOPs)	 and	 quality	 control	 (QC)	 samples.	 The	 former	 could,	 to	 some	
extent,	 prevent	 heterogeneity	 and	 avoid	 misinterpretations	 [49–52].	 The	 use	 of	
standard	 QC	 and	 metrics	 normalizes	 intra-	 and	 interlaboratory	 metabolomics	
measurement	 variations	 [53,54],	 reinforced	 by	 applying	 consistent	 statistical	




statistical,	 and	 other	 tools	 employing	 formal	 logic,	 to	 design	 or	 select	 optimal	
measurement	 procedures	 and	 experiments,	 and	 to	 provide	 maximum	 relevant	
chemical	 information	 by	 analyzing	 chemical	 data”	 [57].	 This	 discipline	 has	 been	
fundamental	 for	 the	 development	 of	metabolomics,	while	 growing	with	 it.	 From	
design	 of	 experiments,	 through	 data	 preprocessing	 and	 processing,	 to	 data	
analysis,	 chemometrics	 tools	 are	 used	 to	 design,	 process,	 visualize,	 explore	 and	
analyze	metabolomics	 data.	 Of	 the	 different	 steps	 involved	 in	 data	 treatment	 in	
metabolomics,	 the	 following	approaches	have	been	used	 for	 the	data	obtained	 in	
the	research	developed	in	this	Thesis.	
Data	preprocessing	
From	data	 acquisition	 to	 statistical	 analysis,	metabolomics	data	need	 to	undergo	
several	 preprocessing	 and	 pretreatment	 steps,	 crucial	 for	 data	 quality	 and	
interpretation	 of	 the	 results.	 The	 purpose	 of	 data	 preprocessing	 is	 the	
transformation	of	 the	raw	data	(those	provided	by	the	analytical	 instrument	that	
are	exclusive	of	its	trademark)	into	clean	data	(those	that	have	a	universal	format)	
for	 processing	 by	 any	 software	 of	 data	 processing.	 In	 our	 case	 it	 consisted	 of	
extraction	 of	 the	 potential	 metabolites	 (usually	 called	 potential	 molecular	








After	 data	 preprocessing	 is	 complete,	 data	 pretreatment	 consisted	 of	
normalization	and	reducing	batch	and	drift.		
-	 Normalization:	 the	 main	 objective	 of	 this	 approach	 is	 to	 remove	
unwanted	 variation	 among	 samples	 allowing	 quantitative	 comparison	 of	
them.	 In	 metabolomics,	 the	 samples	 under	 study	 are	 biofluids	 in	 most	
cases,	and	they	exhibit	differences	in	the	concentration	of	metabolites	due	
to	variable	dilution	factors	for	different	samples.	
-	Reducing	batch	and	drift	effects:	 LC–MS	 instruments	 are	 prone	 to	 batch	
and	 time	 drift	 effects	 owing	 to	 changes	 in	 instrument	 sensitivity	 and	
intensity,	among	others.	Targeted	methods	correct	batch	and	drift	effects	
with	 the	 inclusion	 of	 SIL-IS	 calculating	 the	 ratio	 between	 the	 target	
compound	and	 the	 internal	 standard.	This	has	been	 the	 strategy	used	 in	
the	research	that	constitute	this	PhD-Book.		
Data	analysis	
After	 data	 pretreatment,	 the	 data	 matrix	 can	 be	 analyzed	 by	 multivariate	 or	
univariate	 methods	 to	 distinguish	 different	 diseases	 or	 subtypes	 and	 defining	
candidate	 biomarkers.	Metabolomics	 studies	 typically	 generate	 large	 amounts	 of	
data	 that	 complicates	 the	 use	 of	 univariate	 statistical	 analysis.	 However,	 if	 the	
concentration	of	a	particular	metabolite	is	found	to	be	significantly	altered	through	
multivariate	 analysis,	 univariate	 analysis	 can	 be	 used	 to	 test	 the	 statistical	
significance	of	the	change.	This	typically	involves	the	use	of	the	Student’s	t-test	or	







strategies	 employed	 in	 metabolomics	 are	 designed	 according	 to	 the	 approach	
selected,	being	slightly	different	for	targeted	and	untargeted	analysis.	
Targeted	 metabolomics	 analysis	 often	 requires	 statistical	 methods	 to	 be	 used	
during	 the	 development	 of	 the	 optimized	 analytical	 methodology	 for	 the	
determination	 of	 the	 compounds	 of	 interest.	 Thus,	 statistical	 procedures	 as	
response	 surface	 or	 screening	 design	 are	 employed	 to	 optimize	 experimental	
parameters	 to	 obtain	 the	 best	 conditions	 for	 determination	 of	 the	 target	
compounds	 [58,59].	 The	 rest	 of	 statistical	 analyses	 employed	 in	 the	 process	 of	
developing	 a	 new	 methodology	 for	 targeted	 metabolomics	 are	 based	 on	 simple	








Vitamin	 D	 is	 a	 prohormone	 that	 comes	 in	 many	 forms,	 but	 the	 two	 major	
physiologically	 relevant	 ones	 are	 vitamin	 D3	 (cholecalciferol)	 and	 vitamin	 D2	
(ergocalciferol).	 Technically,	 vitamin	D	 is	 classified	 among	 secosteroids	 in	which	
one	 of	 the	 rings	 has	 been	 broken	 (Figure	 5).	 As	 derived	 from	 a	 steroid,	 the	
structure	 of	 vitamin	 D	 retains	 its	 numbering	 from	 its	 parent	 compound	
cholesterol:	 the	9,10	carbon-carbon	bond	of	ring	B	 is	broken,	as	 indicated	by	 the	
inclusion	 of	 “9,10-seco”	 in	 the	 official	 nomenclature.	 The	 configuration	 of	 the	






(5Z,7E)-5,7,10(19)	 cholestatriene-3β-ol;	while	 the	 official	 name	 of	 vitamin	 	 D2	 is	
9,10-seco	 (5Z,7E)-5,7,10(19),22-ergostatetraiene-3β-ol.	 The	 differences	 between	






Vitamin	 D3,	 the	 naturally	 occurring	 form,	 originates	 from	 dermal	 synthesis	 by	
conversion	of	7-dehydrocholesterol,	a	precursor	of	cholesterol,	into	pre-vitamin	D3	
under	 ultraviolet	 UV-B	 radiation,	 on	 the	 plasmatic	membrane	 of	 skin	 cells.	 This	
process	 is	 followed	 by	 fast	 thermal	 isomerization	 to	 vitamin	 D3	 (Figure	 6).	
Approximately	50%	of	pre-vitamin	D	is	converted	into	vitamin	D	in	2	h,	formed	in	
the	 cell	 membrane	 and	 then	 transported	 to	 the	 extracellular	 space.	 From	 this,	
vitamin	D	is	transported	in	blood	bound	mainly	by	its	transporter	protein	DBP	to	
reach	the	liver.	There,	vitamin	D-25-hydroxylase	of	cytochrome	P450	produces	the	
25-hydroxylation	 in	 the	 liver	 to	 yield	 25(OH)D,	 the	main	 circulating	 form.	D-25-
hydroxylase	 is	 not	 strictly	 regulated	 in	 the	 liver;	 therefore,	 an	 increase	 of	
cutaneous	 production	 of	 vitamin	 D	 or	 its	 intake	 increase	 the	 level	 of	 circulating	
25(OH)D	—both	 25(OH)D3	 and	 25(OH)D2.	 Therefore,	 the	 joint	 measure	 of	 both	













place	 to	 the	 hormonal	 form,	 1,25(OH)2D,	 which	 mediates	 its	 pleiotropic	 effects	
through	the	ubiquitous	vitamin	D	receptor	(VDR)	that	binds	to	vitamin	D	response	
elements	 in	 target	 genes	 to	 regulate	 their	 transcription	 [61].	 1,25(OH)2D	 has	
potent	 antiproliferative	 and	 cell	 differentiation-inducing	 activities,	 in	 addition	 to	
its	role	in	calcium	homeostasis	[62].	The	inactivation	of	vitamin	D	is	carried	out	by	
side	 chain	 oxidation	 by	 the	 mitochondrial	 24-hydroxylase,	 which	 catalyzes	 the	
conversion	 of	 both	 25(OH)D3	 and	 1,25(OH)2D3	 into	 a	 series	 of	 24-	 and	 23-
hydroxylated	 products	 targeted	 for	 excretion,	 culminating	 in	 the	 water-soluble	
biliary	 metabolite	 26,23-lactone	 and	 calcitroic	 acid	 [63].	 C3-epimerization	 is	 a	
second	 biochemical	 pathway	 via	 which	 the	 major	 vitamin	 D	 metabolites	
[25(OH)D2,	 24,25(OH)2D3	 and	 1,25(OH)2D3]	 are	 converted	 to	 their	 respective	










vitamin	 D	 metabolite	 in	 human	 serum	 with	 concentrations	 between	 0.7–40	
nmol/L	 [65,66].	 Serum	 24,25(OH)2D3	 concentrations	 show	 a	 strong	 positive	
correlation	 with	 serum	 25(OH)D3	 levels,	 which	 are	 approximately	 10%	 of	
25(OH)D3	levels	[66–68].	
2.2.	Clinical	aspects	of	vitamin	D	
This	 section	 involves	 aspects	 such	 as	 the	 clinical	 samples	 used	 for	 vitamin	 D	









in	 large	 epidemiological	 studies	 or	 in	 at	 risk	 populations,	where	 venipuncture	 is	
impractical,	 including	 pediatric	 populations,	 forensics	 research,	 rural	 clinics,	 and	
developing	 countries,	 or	 where	 blood	 volume	 is	 limited	 as	 in	 neonates	 [75].	
Calibration	of	DBS	analysis	is	difficult	owing	to	the	absence	of	blank	samples	in	the	










in	plasma,	 and	 require	 sensitive	 assay	 technology	 for	measurement	 [78].	A	 good	
correlation	was	found	between	the	serum	and	salivary	25(OH)D3	levels	[73]	
Urine	 is	 a	 more	 complicated	 sample	 for	 vitamin	 D	 analysis	 as	 most	 of	 its	
metabolites	 are	 conjugated;	 therefore,	 in	 addition	 to	 volume	 normalization,	 if	
required,	 sample	 preparation	 involves	 hydrolysis	 (usually	 catalyzed	 by	 β-
glucuronidase,	 followed	 sometimes	 by	 derivatization).	 Ogawa	 et	 al.	 found	 the	
amount	 of	 24,25(OH)2D3	 in	 urine	 2–3	 times	 greater	 than	 that	 of	 25(OH)D3,	
contrary	 to	 the	 1:10	 ratio	 of	 24,25(OH)2D3	 to	 25(OH)D3	 in	 serum	 [72].	 Sulfate	
conjugated	vitamin	D	metabolite	25(OH)D3	3-sulfate	has	also	been	found	in	human	
plasma	 at	 levels	 similar	 to	 or	 higher	 than	 that	 of	 25(OH)D3	 in	 adults	 or	 infants,	
respectively,	but	lower	in	preterm	infants	[79].	This	conjugate	has	not	been	proven	
to	have	significant	biological	activity	[80].	
Cerebrospinal	 fluid	 from	 multiple	 sclerosis	 patients	 was	 used	 to	 study	 the	
controversial	 information	 on	 the	 effect	 of	 vitamin	 D	metabolites	 on	 the	 disease.	
The	 concentration	 of	 25(OH)D	 in	 this	 biofluid	 from	 the	 target	 patients	 was	 not	
significantly	 different	 as	 compared	 with	 patients	 with	 other	 inflammatory	
neurological	 diseases,	 but	 the	 cerebrospinal	 fluid/serum	 ratio	 was	 significantly	
lower	in	multiple	sclerosis	patients	[74].	The	authors	of	this	study	stated	that	the	
results	they	obtained		do	not	support	that	25(OH)D	is	actively	transported	to	the	
cerebrospinal	 fluid,	 or	 that	 the	 cerebrospinal	 fluid	 or	 serum	 levels	 or	 their	 ratio	
exert	a	major	impact	on	multiple	sclerosis	activity.	A	comprehensive	metabolomics	









Plasma	or	 serum	have	been	 the	 clinical	 samples	 preferred	by	 the	 research	 team	 in	
which	the	PhD	student	 is	 integrated,	 for	development	of	methods	for	determination	
of	vitamin	D	and	its	metabolites.	The	team	has	worked	on	the	metabolism	of	vitamin	
D	 since	 1997,	 when	 metabolomics	 had	 not	 been	 defined	 as	 such	 omics	 discipline.	
Seven	articles	were	published	by	the	team	between	1997–1999	dealing	with	methods	
to	improve	the	determination	of	vitamin	D	and	metabolites	using	plasma	as	clinical	
sample	[82–88].	Key	 improvements	 in	sample	preparation	[82–85]	and	 in	detection	
using	 a	 conventional	 UV-visible	 detector	 [86],	 a	 conventional	 fluorimetric	 detector	
[87]	 or	 a	 laser-induced	 fluorescence	 detector	 [88]	 (in	 all	 instances	 after	 LC	
separation)	were	developed	during	the	three-year	interval.	A	review	on	the	state-of-




2007	 and	 2013)	 were	 based	 on	 serum	 as	 clinical	 sample,	 and	 mainly	 devoted	 to	









favor	 plasma	 separation	 (plasma-gel).	 The	 physical	 barrier	 formed	 by	 the	 gel	
between	 serum	 or	 plasma	 and	 blood	 cells	 during	 centrifugation	 allowed	 setting	 a	





that	 serum	 and	 plasma	 reported	 high	 accuracy	 (above	 83.3%)	 for	 vitamin	 D	 and	
metabolites,	 while	 precision,	 expressed	 as	 relative	 standard	 deviation,	 was	 below	
12.9%	for	all	analytes	 in	both	samples.	Statistical	analysis	revealed	that	serum	and	
plasma	 provided	 similar	 physiological	 levels	 for	 vitamin	 D3,	 24,25(OH)2D3	 and	
25(OH)D3,	while	significantly	different	levels	were	obtained	for	1,25(OH)2D3,	always	
higher	 in	 plasma	 than	 in	 serum	 [99].	 The	 fact	 that	 plasma	 was	 not	 selected	 for	





Vitamin	 D	 and	 its	 metabolites	 have	 traditionally	 been	 considered	 unstable	
compounds	 sensitive	 to	 light	 and	 temperature	 [100];	 therefore,	 studies	 on	 their	
stability	 have	 been	 developed,	 but	 not	 in	 depth.	 A	 study	 published	 in	 2004	was	
devoted	 only	 to	 the	 25(OH)D	 metabolite,	 which	 was	 determined	 by	 a	
chemiluminescence	 immunoassay	 method	 in	 serum	 and	 plasma	 samples	 both	
fresh	 and	 frozen	 [101].	 Comparison	 of	 the	 results	 showed	p	 values	 greater	 than	
0.7,	 indicating	 no	 significant	 difference	 between	 fresh	 and	 frozen	 samples,	 the	
latter	 subjected	 to	 five	 freeze–thaw	 cycles.	 Thus,	 it	 seemed	 to	 be	 demonstrated	
that	the	samples	did	not	need	to	be	frozen	if	they	are	assayed	within	5	days	since	
sampling.	The	equivalent	cross-reactivity	of	25(OH)D2	and	25(OH)D3	in	the	target	
immunoassay	 used	 was	 also	 demonstrated.	 Cross-reactivity	 to	 the	
dihydroxyvitamin	D	metabolites	was	accepted,	but	without	clinical	concern	due	to	
the	approximately	1000-fold	concentration	difference	between	 these	metabolites	
and	 the	 25(OH)D	 in	 the	 circulation.	 As	 the	 authors	 stated,	 concentrations	 of	
1,25(OH)2D	at	five	times	normal	values	would	contribute	less	than	0.05	nmol/L	to	
the	 measured	 25(OH)D	 concentration.	 Thus,	 pathological	 1,25(OH)2D	









determined	 by	 LC–MS/MS	were	 compared	 with	 those	 obtained	 by	 conventional	
RIA,	 with	 no	 distinction	 between	 25(OH)D3	 and	 25(OH)D2	 [103].	 Note	 that	
1,25(OH)2D3,	 less	 concentrated,	was	not	 determined.	The	 values	 obtained	by	 the	
RIA	method	exhibited	a	mean	bias	of	about	8.35	ng/mL,	most	likely	as	a	result	of	
cross-reaction	 of	 the	 antibody	 with	 low-abundant	 metabolites,	 including	
24,25(OH)2D3.	 Various	 preanalytical	 factors,	 such	 as	 long	 sample	 sitting	 prior	 to	
serum	separation,	repeated	freeze–thaw	cycles,	and	the	presence	of	anticoagulants	
had	no	significant	effects	on	the	determinations.	
After	 checking	 the	 scant	 number	 of	 vitamin	 D	 metabolites	 involved	 in	 previous	
stability	 studies,	 the	 interest	 of	 the	 PhD	 student	 was	 focused	 on	 knowing	 how	 the	
different	 vitamin	 D	 metabolites	 behave	 under	 different	 storage	 conditions	 and	
situations	encountered	in	the	analytical	laboratory.	Thus,	the	influence	on	the	target	
analytes	of	temperature	storage	(room	temperature,	refrigeration	at	4	°C,	frozen	at	–
20	 °C	or	at	 –80	 °C),	 lyophilization,	 and	 the	number	of	 freeze/thaw	cycles	 of	 serum	
samples	 were	 studied	 for	 a	 two-month	 period	 [104].	 The	 different	 effect	 of	 the	




The	parent	sterol	vitamin	D	has	a	half-life	close	 to	24	h	 [105],	 relatively	short	as	
compared	with	25(OH)D	with	a	half-life	of	2–3	weeks	[106].	Therefore,	25(OH)D	









25(OH)D	 (with	 the	 reference	 interval	 for	 healthy	 adults	 being	 38–134	 pmol/L	




is	 virtually	 unanimous	 agreement	 that	 a	 serum	 level	 of	 25(OH)D	 less	 than	 30	
nmol/L	defines	vitamin	D	deficiency,	but	 there	are	opinion	differences	regarding	
the	25(OH)D	 levels	 that	define	vitamin	D	 insufficiency	which	may	differ	 from	50	
nmol/L	 [109]	 to	 75	 nmol/L	 [110].	 The	 Institute	 of	 Medicine	 recommends	 that	
deficiency	 corresponds	 to	<30	nmol/L,	 and	places	 a	person	 risk	 relative	 to	bone	
health;	 30–50	 nmol/L	 places	 some,	 but	 not	 all,	 persons	 at	 risk	 for	 inadequacy,	
which	 can	 be	 considered	 as	 insufficiency;	 while	 sufficiency	 (adequate)	 is	
established	for	≥50	nmol/L	that	meets	the	needs	of	97.5%	of	the	population.	About	
1	billion	people	worldwide	are	estimated	 to	have	25(OH)D	 levels	of	 less	 than	75	
nmol/L	 [111].	 The	 Institute	 of	 Medicine	 also	 states	 that	 levels	 higher	 than	 75	
nmol/L	 are	 not	 consistently	 associated	 with	 increased	 benefit	 [112].	 Table	 1	
summarizes	 the	 levels	 of	 both	 vitamin	 D	 and	 25(OH)D	 as	 expressed	 by	 K.	
Poongkodi	[113]	including	extreme	values.	
It	 has	 also	 been	 proposed	 that	 free	 or	 bio-available	 25(OH)D	 provides	 a	 better	
assessment	of	vitamin	D	sufficiency	than	total	25(OH)D	[77].	Free	or	bio-available	
25(OH)D	can	be	calculated	taking	measured	vitamin	D	binding	protein	(DBP)	and	



















Toxic >150	 >375	 	
	
Differentiation	 between	 the	 concentration	 of	 25(OH)D	 and	 its	 epimer	 3-epi-
25(OH)D	in	infants	is	of	interest	in	this	population	as	studies	in	up	to	1	year	of	age	
have	shown	significant	3-epi-25(OH)D	concentrations	as	high	as	200	nmol/L	with	





90%	 produced	 on	 the	 skin	 resulting	 in	 cholecalciferol	 (D3),	 and	 the	 other	 20%	
derived	 from	dietary	 sources,	which	 can	 be	 animal	 cholecalciferol	 (D3)	 or	 plant-
derived	 ergocalciferol	 (D2).	 The	 latter	 originates	 from	 the	 yeast	 and	 plant	 sterol	
ergosterol,	and	is	obtained	from	diet	or	supplements.	











There	 is	 much	 interest	 in	 intermittent	 dosing	 for	 patient	 convenience	 and	 long	
term	 adherence,	 but	 caution	 is	 warranted	 when	 using	 supraphysiological	 bolus	
doses	 as	 these	 may	 be	 counterproductive	 leading	 to	 transient	 vitamin	 D	
intoxication	 in	 the	 immediate	post-dosing	period	[121–123]	or	adverse	effects	 in	
the	 longer	 term	 [124,125].	 There	 are	 not	 conclusive	 results	 on	 vitamin	 D	
supplementation.	 Thus,	 interventional	 studies	 on	 vitamin	 D	 supplementation	




resulted	 in:	 one	 study	 with	 a	 significantly	 higher	 dopamine	 level	 and	 two	 a	
significantly	 higher	 concentration	 of	 the	 enzyme	 promoting	 conversion	 to	
dopamine	 (tyrosine	 hydroxylase),	 in	 the	 substantia	 nigra	 of	 the	 vitamin	 D	
supplemented	 rodent	 group	 [126,127].	 One	 of	 these	 studies	 also	 demonstrated	
that	oxidative	injury	of	the	substantia	nigra	was	significantly	lower	after	vitamin	D	
supplementation	[126].	This	result	was	in	line	with	another	study	reporting	higher	
neuronal	 survival	 in	 the	 substantia	 nigra	 when	 1,25(OH)2D	 was	 injected	 [128].	
However,	 very	 high	 concentrations	 of	 1,25(OH)2D	 enhanced	 neurotoxity,	 as	 also	
found	 in	 Klotho-insufficient	 mice	 that	 resembled	 human	 aging	 and	 exhibit	
abnormal	 levels	 of	 serum	 1,25(OH)2D	 caused	 by	 abnormally	 high	 vitamin	 D	
metabolism	in	the	kidney	[128,129].		
In	infant	studies,	vitamin	D	supplementation	(2.000	IU/day)	in	the	first	year	of	life	










association	 between	 deficits	 in	 vitamin	 D	 and	 a	 litany	 of	 acute	 and	 chronic	
disorders	 (cardiovascular	 disease,	 cancer,	 diabetes,	 fractures,	 depression	 and	
respiratory	tract	 infections,	 to	name	a	 few)	[131].	These	 findings	have	 fueled	the	
hypothesis	 that	 vitamin	 D	 supplementation	 —a	 widely	 available,	 low-cost	 and	
mostly	 harmless	 intervention—	 might	 treat	 or	 even	 prevent	 these	 disorders.	
Association,	however,	is	not	causation.	
At	 present,	 evidence	 supports	 vitamin	 D	 supplementation	 to	 help	 prevent	
fractures	 (particularly	 if	 given	 with	 calcium),	 and	 possibly	 to	 prevent	 falls	 and	
slightly	reduce	mortality	(particularly	in	older	patients,	>70	years	of	age).	No	other	





metabolism	 but	 in	 several	 other	 medical	 conditions	 (diabetes,	 cardiovascular	
disease,	multiple	sclerosis,	cancer,	psychiatric	disorders,	neuro-muscular	disease)	
has	 led	 to	 a	 surge	 in	 laboratory	 requests	 for	 25(OH)D	 and	 1,25(OH)2D	
measurement,	but	also	 their	 ratio	and	ratios	of	other	vitamin	D	metabolites.	The	




a	 review	 on	 the	 analytical	 process	 to	 search	 for	 metabolomics	 biomarkers,	 to	














The	 critical	 step	 of	 sample	 preparation	 for	 determination	 of	 vitamin	 D	 in	 the	
clinical	 field	has	been	 the	workhorse	of	most	analytical	 chemists	working	 in	 this	
field,	who	have	looked	for	interferents	removal,	automation	and	preconcentration	









formulae	 [145,146],	 enriched	 milk	 [148–150],	 eggs	 [151],	 fish	 oil	 [151–153]	 or	
margarine	 [154].	 This	 step	 substitutes	 deproteination	 and	 is	 followed	 by	 (LLE).	
Saponification	and	subsequent	removal	of	lipids	involve	losses	of	vitamin	D	and	its	









SPE,	 used	 since	 the	 earliest	 methods	 for	 quantitation	 of	 vitamin	 D	 and	 its	
metabolites,	 underwent	 a	 remarkable	 expansion	 with	 commercialization	 of	 SPE	
cartridges,	which	virtually	substituted	manual	column	packing.	The	improvement	
of	 sample	 preparation	 achieved	 by	 SPE	 can	 be	 summarized	 in:	 lower	 amount	 of	
neutral	 lipids	 in	 the	 extract	 as	 compared	 with	 LLE;	 higher	 protection	 of	 the	
equipment	 used	 for	 subsequent	 individual	 separation	 (LC	 or	 GC)	 or	 for	 direct	
quantitation	by	competitive	protein	binding	(CPBA)	radioreceptor	binding	(RRB)	
or	 RIA;	 effective	 decrease	 in	 costs	 in	 terms	 of	 cartridges	 and	 solvents;	 high	
preconcentration	 factors	 by	 final	 elution	 with	 small	 eluent	 volumes;	 and,	
availability	 for	 selective	 separation	of	 the	 analytes	based	on	polarity	differences.	
Nevertheless,	SPE	also	involves	some	drawbacks	such	as:	necessity	for	calibration	




Liquid	 chromatography	 preparation	 as	 step	 previous	 to	 individual	 chromato-
graphic	separation.	Molecular	exclusion	[156,157],	solid–liquid	partitioning	either	
by	 normal	 [158–160]	 or	 reverse-phase	 chromatography	 [156,161,162]	 or	 a	
combination	 of	 them	 [157,161,162]	 have	 been	 used	 prior	 to	 RIA	 [162]	 or	 CPBA	
[163].	
An	 overview	 of	 the	 contributions	 to	 sample	 preparation	 for	 determination	 of	








in	 the	 literature	 [164].	 Keeping	 protein	 precipitation	 by	 ACN	 the	 SPE	 step	 was	
improved	 by	 more	 efficient	 mixtures	 used	 for	 washing	 and	 elution	 from	 two	
subsequent	cartridges	(Bond-Elut	C18	and		Bond-Elut	silica)	[82].	A	drastic	decrease	
of	 interferents	 (a	 cleaner	 LC–UV-chromatogram)	 allowed	 the	 determination	 of	
24,25(OH)2D,	 1,25(OH)2D,	 in	 addition	 to	 25(OH)D,	 the	 only	 determined	 in	 the	
previous	procedure	[164].	
An	on-line	coupling	of	a	flow-injection	(FI)	manifold	to	the	loop	of	the	injection	valve	
of	 an	 LC–UV	 detector	 arrangement	 allowed	 partial	 automation	 of	 the	 SPE	 step	 by	
locating	 a	 C18	 minicolumn	 in	 the	 loop	 of	 the	 FI	 injection	 valve	 and	 selecting	
sequential	 passage	 through	 it	 of	 the	 conditioning	 solution,	 the	 sample,	 washing	
solution,	 and	 eluant	 [83].	 The	 continuous	 method	 provided	 as	 main	 advantages	 a	
single	 and	 miniaturized	 SPE	 (smaller	 amount	 of	 sorbent),	 reusability	 of	 the	
minicolumn,	 drastic	 preconcentration	 factor	 and	 simple	 automation.	 The	 method	
thus	developed	was	improved	by	a	more	effective	protein	precipitation	by	changing	
ACN	 to	 isopropanol,	 then	 compared	 advantageously	 with	 an	 RIA	 method	 for	
25(OH)D	 [84].	 The	 use	 of	 an	 aminopropyl-silica	 sorbent	 and	 the	 same	 continuous	





involved	 an	 LLE	 step	 prior	 to	 SPE	 and	 the	 same	 continuous	 system,	 including	
postcolumn	 derivatization	 and	 changing	 the	 UV-chromatographic	 detector	 to	 a	
conventional	fluorimetric	detector	(sensitivity	increased	about	50	times	with	respect	







century	 involved	 commercial	 automated	 high-pressure	 SPE	 stations	 (Prospekt1,	




1,25(OH)2D3—	 involved	 a	 first	 manual	 LLE	 step	 followed	 by	 the	 SPE	 step	 by	





absorption	 for	 each	 analyte	 was	 selected	 taking	 advantage	 of	 the	 DAD)	 [91].	 A	
further	 application	 allowed	 vitamins	 A	 and	 E,	 and	 the	 25(OH)D3,	 24,25(OH)2D3	
metabolites	to	be	determined	in	the	normality	range	of	these	compounds	in	healthy	
individuals	within	 the	 18–80	 year-old	 interval	 [92].	 Avoidance	 of	 the	 LLE	 step	 and	
use	of	the	serum	sample	mixed	with	0.5	mL	of	ACN	containing	sodium	dodecyl	sulfate	
allowed	direct	 insertion	 in	 the	Prospekt1	 system	and	chromatographic	 separation–




of	 this	 detector,	 always	 coupled	 to	 LC	 equipment,	 involved	 manual	 sample	
preparation	 consisting	 of	 protein	 precipitation	 with	 methanol,	 LLE	 with	 hexane,	
evaporation	of	the	extractant	and	reconstitution	of	the	residue	with	methanol	prior	
to	 injection	 in	the	chromatograph	 for	separation	of	vitamins	A,	K1,	K2,	D2,	D3	and	E	
(as	α-	and	δ-tocopherol),	and	the	25(OH)D2,	25(OH)D3,	and	1,25(OH)2D3	metabolites	
[94].	The	use	of	the	commercial	SPE	station	Prospekt2	on-line	connected	to	the	LC–
QqQ-MS	 arrangement	 allowed	 to	work	with	 only	 0.2	mL	 of	 serum	 sample	 injected	





Hysphere	cartridges	automatically	 conditioned.	The	analysis	 time	was	20	min	 [95].	
The	 features	 of	 the	method	made	 feasible	 its	 application	 to	 cross-sectional	 studies	
[97,98].	
One	 of	 the	 innovations	 in	 the	 equipment	 for	 sample	 preparation	 used	 by	 the	 PhD-
student	 was	 the	 present	 SPE	 workstation	 also	 from	 Spark-Holland:	 the	 Symbiosis	
Pharma	 model	 that	 substituted	 Prospekt2.	 The	 former	 was	 designed	 for	 high	
sampling	throughput	for	which	an	autosampler	for	up	to	90	samples	can	be	stored	at	




Derivatization	 steps	 based	 on	 dehydration	 [165–168],	 cycloaddition	 [169–172],	




isopyro	 isomers.	 The	 number	 of	 isomeric	 structures	 thus	 produced	 significantly	
complicates	 subsequent	 individual	 separation	 and	 identification.	 Cyclation	
constitutes	 a	hard	 limitation	 for	development	of	methods	 involving	GC.	 Selective	
cyclation	 to	 obtain	 given	 products	 [164]	 or	 more	 thermostable	 products	 by	
isotachysterol	formation	has	been	reported	prior	to	GC–MS	[164].	
Diels-Alder	cycloaddition	contributes	to	enhancing	sensitivity	and	selectivity	in	the	








D	and	 its	metabolites	 in	GC,	mainly	owing	to	 the	presence	of	hydroxyl	groups	on	
these	 molecules.	 A	 number	 of	 silane-derivatives	 have	 been	 used	 with	 this	 aim	
[138–143,	176–178].	
Charge	 transfer-complex	 formation	 has	 also	 been	 implemented,	 mainly	 for	 the	
determination	of	vitamin	D	in	pharmaceuticals	[70].	
Derivatization	 reactions	 have	 been	 applied	 by	 the	 research	 team,	 always	 in	
poscolumn	location,	with	the	aim	of	increasing	sensitivity	as	the	necessary	selectivity	
was	 supplied	 by	 the	 LC	 separation.	 A	 Diels-Alder	 reaction	 using	 4-phenyl-1,2,4-
triazolie-3,5-dione	(PTAD)	formed	an	adduct	with	maximum	absorption	at	337	nm,	
which	 increased	 the	 sensitivity	 5-times	 with	 respect	 to	 the	 method	 without	
derivatization	[86].	A	dehydration	method	favored	by	a	strong-acid	medium	was	also	
postcolumn	 developed	 which	 improved	 fluorimetric	 detection	 (with	 conventional	
[87]	or	laser-induced	[88]	detectors).	
Sample	volume			
The	 sample	 volume	 of	 either	 serum	 or	 plasma	 required	 for	 determination	 of	
vitamin	 D	 metabolites	 has	 experienced	 a	 spectacular	 decrease	 thanks	 to	 the	
improvement	 of	 sample	 preparation	 steps,	 and	 increased	 sensitivity	 of	 the	
detectors	 used	 (mainly	 MS	 detectors).	 Thus,	 the	 isotope	 dilution-mass	
fragmentography	assay	for	1,25(OH)2D	published	in	1979	[179]	required	20	mL	of	
serum	subjected	to	LLE	with	a	chloroform–methanol	mixture	after	addition	of	[26-












run	 time	 per	 sample	 of	 30	min	 supported	 the	 excellent	 features	 of	 the	method.	
Sample	preparation	involved	a	complex	on-line	process	using	a	perfusion	column,	
followed	 by	 a	 chain	 of	 two	 monolithic	 columns	 to	 clean	 and	 enrich	 the	 sample	
prior	 to	LC–MS/MS	analysis	without	derivatization.	A	 recently	published	method	
uses	 a	 20	 µL	 serum	 sample	 volume	 for	 determination	 of	 four	 vitamin	 D	
metabolites	 [viz.	 25(OH)D3,	 3-epi-25(OH)D3,	 25(OH)D2,	 and	 24,25(OH)2D3;	 with	
LOQ	of	0.091,	0.020,	0.013,	and	0.024	ng/mL,	respectively].	The	very	long	sample	
preparation	 process	 involved	 SPE	 on	 wells	 plates,	 incubation,	 evaporation,	 and	
derivatization	for	1	h	prior	to	injection	into	the	LC–MS/MS	system	[103].	
In	the	contributions	from	the	research	team	the	maximum	sample	volume	used	was	2	
mL	 [82–88,90,91],	 then	 reduced	 to	 1	 mL	 after	 exhaustive	 optimization	 [92,94,96],	







A	 sometimes	 crucial	 analytical	 parameter	 as	 analysis	 time	 is	 very	 difficult	 to	 be	
deduced	 from	 most	 of	 the	 publications	 on	 this	 subject.	 A	 number	 of	 published	
methods	for	determination	of	vitamin	D	and	its	metabolites	only	specify	the	time	
required	 for	 the	 chromatographic–detection	 steps,	 despite	 obtainment	 of	 the	









required	 for	 analysis	 is	 15	 min,	 achieved	 by	 overlapping	 the	 chromatographic–
detection	 steps	 of	 one	 sample	 with	 the	 SPE	 of	 the	 next	 [99,181,182].	 The	 only	
treatment	after	 sample	 thawing	 is	 centrifugation/filtration	prior	 to	 location	 in	 the	
thermostated	autosampler.	
2.4.	Methods	for	determination	of	vitamin	D	and	its	metabolites			
Methods	 for	 vitamin	 D	 metabolite	 measurement	 can	 be	 divided	 into	 two	 main	




developed	 from	 laborious	 manual	 RIA	 formats	 to	 fully	 automated	 assays	 on	
random	 access	 analyzer	 platforms.	 These	 automated	 immunoassays	 are	 mainly	
based	 on	 competitive	 principles	 (Ab	 or	 protein	 binding	 formats)	 but	 recently,	 a	
promising	sandwich	assay	based	on	the	metatype	antibody	principle	has	become	
available	[184,185].	Automated	immunoassays	seem	attractive	for	reasons	of	high	
throughput	 capabilities.	 However,	 they	 have	 some	 major	 shortcomings	 such	 as	
limited	 sensitivity	 and	 dynamic	 range,	 difficulties	 in	 DBP	 displacement,	 non	
equimolar	 detection	 of	 25(OH)D2	 and	 25(OH)D3,	 interferences	 from	 heterophilic	
antibodies,	and	from	gel	and	clot	activator	in	blood	collection	tubes	[186],	 lack	of	
adequate	 standardization,	 and	 cross-reactivity	 towards	 other	 major	 circulating	
vitamin	 D	 metabolites,	 24,25(OH)2D3	 being	 the	 most	 abundant.	 Particularly,	 in	
specific	populations	with	altered	DBP	status,	as	in	dialysis	patients,	intensive	care	
unit	patients	and	in	pregnancy,	immunoassays	show	remarkable	differences	when	






Immunoassay	manufacturers	 correct	 for	 24,25(OH)2D3	 cross	 reactivity	 in	 a	 fixed	
manner,	 which	 may	 lead	 to	 overcorrection,	 and	 to	 falsely	 low	 25(OH)D	 as	 a	
consequence	 result,	 in	 patients	 with	 lowered	 24,25(OH)2D3	 levels,	 as	 in	 chronic	
kidney	disease	[190,191].		
The	most	commonly	used	methods	for	1,25(OH)2D3	quantification	are	competitive	
RIA	with	 125I	 as	 the	 radio-label,	 or	 enzyme	 immunoassays	 that	 require	 extensive	
sample	purification	to	minimize	contribution	of	other	vitamin	D	metabolites	[192].	
In	 vitamin	 D	 intoxication,	 elevated	 levels	 of	 25(OH)D	 can	 interfere	 with	
1,25(OH)2D3	 measurement	 using	 RIA	 owing	 to	 25(OH)D	 cross-reactivity	 of	 the	
1,25(OH)2D	 antibody	 [193–195].	 More	 recently,	 fully	 automated	




25(OH)D2.	 Some	 assays	 claim	 to	 have	 100%	 cross-reactivity	 with	 exogenously	
added	25(OH)D2	and	25(OH)D3	and	are	therefore	equipotent	for	the	measurement	
of	the	two	metabolites.	Other	assay	manufacturers	admit	to	lower	cross-reactivity	
with	exogenous	25(OH)D2	 (75%	[kit	 insert	 from	 IDS,	Boldon,	UK],	52%	 [product	
insert	 from	 Abbott,	 North	 Chicago,	 IL]),	 while	 some	 assays	 were	 specifically	
designed	to	measure	only	25(OH)D3	(product	insert	from	Roche,	Indianapolis,	IN).	
Reports	 have	 confirmed	 the	 variability	 of	 commercial	 immunoassays	 to	 detect	
25(OH)D2	[202–205].		
Immunoassay	 remains	 the	 predominant	 mode	 of	 measurement	 for	 25(OH)D,	
although	problems	with	equimolar	recovery	of	 the	D2	and	D3	metabolites	remain	
an	issue.	
Almost	 all	 immunoassays	 show	 a	 high	 cross-reactivity	with	 24,25(OH)2D,	 which	





increases	 and/or	 is	 metabolized	 to	 1,25(OH)2D,	 which	 provides	 an	 increased	
supply	of	the	two	substrates	for	the	24-hydroxylase	enzyme.	Concentrations	in	the	
range	of	10–15	nmol/L	have	been	recorded	 for	24,25(OH)2D	 in	serum	using	GC–
MS	 [206],	 with	 reported	 circulation	 levels	 of	 10–15%	 of	 those	 reported	 for	
25(OH)D.	
Concerns	 have	 been	 raised	 about	 a	 possible	 contribution	 to	 1,25(OH)2D	
measurement	from	other	1α-hydroxylated	metabolites	[207],	and	cross-reactivity	
for	 1,25(OH)2D3	 26,23-lactone,	 1,24,25(OH)3D3,	 and	 1,25,26(OH)3D3	 has	 been	
demonstrated	in	both	the	Diasorin	and	IDS	assays	[208].	





method	 for	 measurement	 of	 serum	 25(OH)D	 concentrations	 due	 to	 its	 inherent	






Chromatography-based	 methods	 for	 vitamin	 D	 metabolite	 analysis	 are	 less	
susceptible	to	matrix	effects	than	immunoassays.	LC	separations	with	subsequent	
detection	either	by	molecular	absorption	or	emission	detection	have	now	largely	
been	replaced	by	LC–MS/MS.	This	 last	approach	has	 the	advantage	of	 selectivity,	










preparation,	 calibration,	mode	 of	 chromatographic	 separation,	 choice	 of	 internal	
standard,	 mode	 of	 ionization	 and	 transition	 selection	 for	 mass	 spectrometric	




potential	 sources	 of	 assay	 interference.	Most	 of	 the	 existing	 LC–MS/MS	methods	
have	adequate	sensitivity	 for	 the	measurement	of	25(OH)D3,	25(OH)D2	and	 their	
respective	 C3-epimers,	 but	 the	 improvement	 of	 sensitivity	 required	 to	 include	
measurement	of	other	relevant	vitamin	D	metabolites	that	circulate	at	much	lower	
concentrations	is	not	always	possible.	
This	 is	 the	 case	 with	 quantification	 of	 1,25(OH)2D,	 as	 it	 is	 present	 in	 serum	 at	
extremely	 low	 concentrations.	 The	 co-existence	 of	 many	 other	 more	 abundant	
vitamin	D	metabolites	 that	 can	 interfere	 in	1,25(OH)2D	measurement	 constitutes	
an	 additional	 drawback.	 The	 LC–MS/MS	 platform	 has	 allowed	 development	 of	
methods	of	choice	 for	1,25(OH)2D3	analysis	as	 it	generates	a	higher	selectivity	 in	
measurement	when	compared	to	 immunoassays.	Still,	 the	accurate	quantification	
of	 1,25(OH)2D3	 by	 LC–MS/MS	 is	 a	 challenge	 because	 of	 its	 low	 serum	
concentrations	 and	 lack	 of	 ionizable	 polar	 groups	 that	 result	 in	 poor	 ionization	
efficiency	in	ESI	and	APCI.	Furthermore,	specific	care	is	needed	to	avoid	potential	
interference	 from	 other	 dihydroxylated	 vitamin	 D	 metabolites,	 such	 as	 (3-epi)	
24,25(OH)2D3,	 23,25(OH)2D3,	 25,26(OH)2D3	 and	 4β,25(OH)2D3,	 as	 they	 have	 the	
same	 molecular	 masses	 and	 fragmentation	 patterns.	 To	 enhance	 the	 detection	





employed,	 mostly	 using	 Cookson-type	 triazoline-diones	 to	 react	 with	 the	 diene	
moiety	 of	 vitamin	 D,	 which	 enhances	 stability	 across	 the	 diene,	 and	 lends	 polar	
side	 chains	 to	 enhance	 ionization	 [217–221].	 In	 some	 cases,	 mobile	 phase	
additives	 for	adduct	 formation,	such	as	ammonium,	 lithium	or	methylamine	have	
been	used	to	further	improve	ionization	efficiency	[180,221,222].	Recently,	a	new,	
commercially	 available	 reagent	 [Ampliflex™	 Diene	 (AD),	 AB	 Sciex,	 USA]	 was	
developed	for	derivatizing	1,25(OH)2D,	which	results	in	a	10-fold	higher	signal-to-
noise	ratio	compared	to	PTAD	[223].	The	reaction	product	is	optimized	for	MS/MS	
analysis	 due	 to	 its	 quaternary	 amine	 functional	 group	 and	 activated	 dienophile	
moiety.	 In	contrast	 to	PTAD,	 the	 fragmentation	of	 the	AD-1,25(OH)2D3	product	 is	
limited	to	several	defined	peaks	with	the	quantifying	product	containing	the	entire	
1,25(OH)2D	 structure,	 which	 results	 in	 different	m/z	 values	 for	 the	 1,25(OH)2D3	
and	1,25(OH)2D2	product	 ions.	This	 is	beneficial	 in	preventing	 isobaric	cross	 talk	
between	the	two	analytes.	Also,	the	AD-1,25(OH)2D	metabolite	products	are	more	
polar,	 but	 remain	 soluble	 in	 organic	 solvents.	 This	 hydrophilic	 property	 of	 the	
derivatization	 reaction	 products	 allows	 for	 the	 use	 of	more	 rapid	 LC	 separation	
techniques	 [223].	 Improvements	 in	 sample	 preparation	 have	 come	 from	
Immunoaffinity	 Extraction	 IAE	 allowing	 analyte	 enrichment	 and	 removal	 of	
isobaric	interferences	and	matrix	effects	present	in	patient	serum	[220,221,224].		
The	 evolution	 of	 the	 chromatographic	 methods,	 mainly	 based	 on	 the	 type	 of	 the	
coupled	 detector,	 for	 determination	 of	 vitamin	 D	 and	 its	 metabolites	 can	 be	 seen	
through	 the	 contributions	 of	 the	 research	 team	 in	 which	 the	 PhD	 student	 is	
integrated.	As	commented	before,	 the	 first	methods	were	based	on	LC–conventional	
molecular	absorption	detector	with	no	 innovation	 in	 the	separation–detection	step,	
but	 in	sample	preparation	 [82–86].	Keeping	the	same	chromatographic	 separation,	
improvement	 by	 post-column	derivatization	 and	use	 of	 a	 conventional	 fluorimetric	
detector	 [87]	 or	 a	 laser-induced	 fluorescence	 detector	 [88]	 was	 achieved.	 The	










for	 external	 validation	 of	 the	 method	 (Chapter	 1),	 and	 incorporation	 of	 two-
dimensional	LC	to	MS/MS	for	 inclusion	of	the	C3-epimer-25(OH)D	in	the	analysis	of	
vitamin	D	metabolites	 (Chapter	2);	 sample	 collection	and	preparation	 (Chapter	3),	
on	 stability	 of	 the	 target	 compounds	 (Chapter	 4).	 Thus,	 the	 way	 for	 massive	
application	 of	 the	 final	 method	 to	 the	 determination	 of	 the	 target	 compounds	 in	
serum	or	plasma	samples	from	different	cross-sectional	and	longitudinal	studies	was	
paved	(Chapters	5	and	6).		
The	 use	 of	 SIL-IS	 and	 validation	 in	 LC–MS	 methods	 to	 improve	 the	
determination	of	vitamin	D	metabolites	
SIL-IS	are	essential	 for	 compensating	 for	 ionization	suppression	or	enhancement	
effects	and	correction	of	extraction	losses	during	sample	preparation.	
Isotope	 dilution-electrospray	 LC–MS/MS	 methods	 performed	 on	 ‘‘bench	 top’’	
analyzers	 became	 popular	 in	 the	 mid-2000s	 with	 protein	 precipitation	 of	 the	
sample,	 liquid–liquid	 extraction,	 short	 run	 times,	 and	 computer	 processing	 of	
chromatograms	 contributing	 to	 higher	 throughput	 and	 ease	 of	 use	 in	 the	
determination	 of	 vitamin	 D	 and	 its	 metabolites	 [225,226].	 Deuterated	 25(OHD2	
and	 D3	 internal	 standard	 material	 improves	 accuracy	 and	 verifies	 recovery,	
thereby	reducing	the	problem	of	ion	suppression	[227].		
Isotope	dilution	LC–MS/MS	is	currently	considered	the	gold	standard	method	for	








A	 review	 of	 the	 International	 Vitamin	 D	 External	 Quality	 Assurance	 Scheme	
(DEQAS)	 results	 for	 the	 LC–MS/MS	 group	 highlights	 the	 spread	 of	 results	
generated	 by	 these	methods.	While	 the	majority	 of	 the	methods	 (70–75	%)	 are	
positively	biased	against	the	all-laboratory	trimmed	mean	(ALTM),	some	are	close	
to	 the	 mean	 (15–20%)	 or	 negatively	 biased	 depending	 on	 the	 25(OH)D	






25(OH)D3	 and	 25(OH)D2	 calibration	 solutions	 to	 improve	 standardization	 of	
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muestra:	 la	 precipitación	 de	 proteínas	 y	 la	 extracción	 en	 fase	 sólida,	 esta	 última	
realizada	 en	 línea	 con	 la	 separación	 cromatográfica	 y	 la	 detección	 subsiguientes.	
Para	 la	 investigación	 que	 se	 recoge	 en	 el	 resto	 de	 los	 Capítulos	 se	 utilizó	 suero	
como	 muestra,	 en	 la	 mejora	 del	 método	 —Capítulos	 1	 y	 2—,	 el	 estudio	 de	
estabilidad	 de	 los	 analitos	 —Capítulo	 4—	 y	 de	 los	 niveles	 de	 los	 principales	




de	 los	 sistemas	 automáticos	 conectados	 en	 línea	 con	 el	 conjunto	 cromatógrafo–
espectrómetro	 de	 masas	 para	 el	 tratamiento	 de	 matrices	 biológicas	 en	 la	
preparación	 de	 la	 muestra	 para	 la	 determinación	 de	 vitamina	 D	 y	 de	 sus	
metabolitos.	 Estos	 sistemas	 automáticos	 llevan	 a	 cabo	 de	 manera	 rápida,	
reproducible	 y	 con	 un	 consumo	 mínimo	 de	 muestra	 y	 de	 reactivos	 esta	 etapa	
crítica	del	 proceso	 analítico,	 disminuyendo	al	máximo	 la	manipulación	por	parte	
del	 analista,	 que	 es	 una	 de	 las	 principales	 fuentes	 de	 error	 de	 los	 métodos	 de	
análisis	cuantitativo,	especialmente	cuando	se	realizan	en	gran	número.	Se	utilizó	
un	equipo	comercial	para	llevar	a	cabo	la	SPE	de	forma	automatizada:	el	Symbiosis,	





móvil	 cromatográfica.	 Este	 dispositivo	 trabaja	 a	 alta	 presión,	 posibilitando	 su	
conexión	 en	 línea	 con	 el	 cromatográfo	 de	 líquidos,	 consiguiéndose	 así	 la	 auto-
matización	completa	del	método	analítico.	El	sistema	SPE	Symbiosis	cuenta	con	4	
módulos:	 un	 automuestreador	 refrigerado,	 de	 enorme	 interés	 para	 las	muestras	






la	naturaleza	tanto	de	 la	matriz	de	 la	muestra	como	de	 los	analitos	de	 interés,	se	











masas	 Agilent	 6410	 de	 triple	 cuadrupolo	 con	 una	 fuente	 de	 ionización	 por	











añadió	 formiato	 amónico	 como	 agente	 ionizante.	 En	 todos	 los	 casos	 se	 usó	 el	
software	MassHunter	Workstation	 para	 la	 adquisición	 de	 espectros	 y	 el	 análisis	
cualitativo–cuantitativo	de	los	datos.	
5.	Caracterización	del	método	
En	 esta	 Memoria	 la	 precisión	 de	 los	 métodos	 propuestos	 para	 el	 análisis	 cuan-
titativo	 (targeted	 analysis)	 se	 estudió	 como	 reproducibilidad	 dentro	 del	 labora-
torio	 y	 repetibilidad	 mediante	 series	 de	 experimentos	 por	 triplicado	 usando	
análisis	de	varianza	(ANOVA)	a	diferentes	niveles	de	concentración	de	los	analitos.	
En	 los	 Capítulos	 4	 y	 5	 el	 análisis	 estadístico	 se	 realizó	 mediante	 el	 paquete	
estadístico	 “stats”	del	 lenguaje	de	programación	R	—que	permite	desarrollar	 los	
análisis	 estadísticos	 tanto	 paramétricos	 como	 no	 paramétricos,	 así	 como	 la	
representación	 de	 los	 datos—	 y	 mediante	 Statgraphics	—software	 que	 permite	
realizar	distintos	análisis	estadísticos	univariantes	y	multivariantes.	
El	primer	estudio	 (Capítulo	1)	extendió	el	número	de	analitos	determinados	a	 la	
vitamina	 D	 (en	 las	 dos	 formas,	 D2	 y	 D3)	 y	 sus	 principales	 metabolitos:	
monohidroxilados	 [25(OH)D2	 y	 25(OH)D3],	 y	 dihidroxilados	 [1,25(OH)2D2,	
1,25(OH)2D3,	 y	 24,25(OH)2D3].	 De	 esta	 forma	 quedó	 drásticamente	 superado	 el	
número	de	compuestos	previamente	 identificados/cuantificados	por	el	grupo	del	
doctorando	 y	 en	 los	 estudios	 existentes	 en	 la	 bibliografía.	 La	 cuantificación	 y	
validación	 del	 método	 se	 basó	 en	 el	 uso	 de	 patrones	 marcados	 isotópicamente	






























aspectos:	 uno	 relacionado	 con	 la	 automatización,	 la	 mejora	 de	 propiedades	
analíticas	y	la	validación,	y	otro	dedicado	a	incrementar	el	número	de	metabolitos	
individualmente	 identificados/cuantificados.	 Ambos	 se	 desarrollaron	 con	 prepa-
ración	de	la	muestra	mediante	SPE,	conectada	en	línea	con	la	separación	basada	en	
LC	y	detección	por	MS/MS.	
El	 primer	 estudio	 en	 esta	 sección	 (Capítulo	 1)	 extendió	 el	 número	 de	 analitos	
determinados	 a	 la	 vitamina	 D	 (en	 las	 dos	 formas,	 D2	 y	 D3)	 y	 sus	 principales	
metabolitos:	 monohidroxilados	 [25(OH)D2	 y	 25(OH)D3],	 y	 dihidroxilados	
[1,25(OH)2D2,	1,25(OH)2D3,	 y	24,25(OH)2D3].	De	esta	 forma	quedó	drásticamente	
superado	 el	 número	de	 compuestos	 previamente	 identificados/cuantificados	por	
el	 grupo	 del	 doctorando	 y	 en	 los	 estudios	 existentes	 en	 la	 bibliografía.	 La	





1,	 y	 a	 la	 validación	 tanto	 mediante	 DEQAS	 como	 con	 un	 material	 de	 referencia	
certificado	 del	 Instituto	 Nacional	 de	 Estándares	 y	 Tecnología	 (NIST-972a).	 La	











of	 a	 method	 with	 the	 required	 characteristics,	 for	 which	 it	 encompasses	 two	
aspects:	one	related	 to	automation,	 sensitivity,	 selectivity	and	validation,	and	 the	
other	 to	 increase	 the	 number	 of	 metabolites	 to	 be	 individually	 identi-
fied/quantified.	 Both	 were	 developed	 by	 SPE	 sample	 preparation	 on-line	
connected	with	LC	separation	and	MS/MS	detection.		
The	 first	 of	 the	 research	 in	 this	 section	 (Chapter	 1)	 expanded	 the	 number	 of	
determined	 analytes	 to	 vitamin	 D	 (both	 D2	 and	 D3)	 and	 its	 main	 metabolites:	
monohydroxylated	 [25(OH)D2	 and	 25(OH)D3],	 and	 dihydroxylated	 metabolites	
[1,25(OH)2D2,	 1,25(OH)2D3,	 and	 24,25(OH)2D3].	 In	 this	 way,	 the	 number	 of	
compounds	previously	identified/quantified	by	the	group	of	the	PhD-student	and	
those	 of	 the	 methods	 existing	 in	 the	 literature	 were	 drastically	 surpassed.	
Quantitation	 and	 validation	 of	 the	 method	 was	 supported	 on	 the	 use	 of	 stable	
isotopic	 labeled	 standards	 (SIL-ISs),	 and	 samples	 from	 the	 vitamin	 D	 External	
Quality	Assurance	Scheme	(DEQAS),	respectively.		
The	second	of	 the	research	 included	 in	Section	 I	 (Chapter	2)	dealt	with	discrimi-
nation	 between	 25(OH)D3	 epimers	 (keeping	 the	 compounds	 in	 Chapter	 1)	 and	
validation	 by	 both	 DEQAS	 and	 a	 standard	 reference	 material	 certified	 by	 the	
National	 Institute	of	 Standards	and	Technology	 (NIST-972a).	Epimers	 separation	
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A	 method	 for	 quantitative	 analysis	 of	 vitamin	 D	 (both	 D2	 and	 D3)	 and	 its	 main	
metabolites	 —monohydroxylated	 vitamin	 D	 (25-hydroxyvitamin	 D2	 and	 25-
hydroxyvitamin	D3),	 and	dihydroxylated	metabolites	 (1,25-	dihydroxyvitamin	D2,	
1,25-dihydroxyvitamin	D3	 and	 24,25-dihydroxyvitamin	D3)—	 in	 human	 serum	 is	
here	reported.	The	method	is	based	on	direct	analysis	of	serum	by	an	automated	
platform	 involving	 on-line	 coupling	 of	 a	 solid-phase	 extraction	workstation	 to	 a	
liquid	chromatograph–tandem	mass	spectrometer.	Detection	of	the	seven	analytes	
was	carried	out	by	the	selected	reaction	monitoring	(SRM)	mode,	and	quantitative	











of	 ten	 serum	 samples	 provided	 by	 this	 organism.	 The	 analytical	 features	 of	 the	





















The	vitamin	D	endocrine	 system	 (VDES)	plays	 an	 essential	 role	 in	human	health	
beyond	 the	 regulation	 of	 calcium	 homeostasis	 and	 bone	 mineralization	 [1].	
Vitamin	 D	 is	 obtained	 as	 vitamin	 D3	 (cholecalciferol)	 mainly	 derived	 from	
photosynthesis	in	the	skin,	after	conversion	of	7-	dehydrocholesterol	by	ultraviolet	
irradiation.	Small	amounts	of	vitamin	D	can	also	be	obtained	by	nutritional	intake	
of	 either	 vitamin	 D3	 or	 by	 foods	 fortified	 with	 vitamin	 D2	 (ergocalciferol).	 Both	
forms	undergo	a	substrate-dependent	liver	hydroxylation	to	25-hydroxyvitamin	D	
[25(OH)D2	 and	25(OH)D3],	 the	major	 circulating	 form	of	 vitamin	D	 considered	 a	
reliable	indicator	of	 its	nutritional	status	[2],	despite	the	recognized	lack	of	assay	
standardization	for	its	determination	[3].	To	be	fully	active,	25(OH)D	must	further	
be	 converted	 to	 1,25-	 dihydroxyvitamin	 D	 [1,25(OH)2D2	 and	 1,25(OH)2D3],	 the	
hormonally	 active	 form	 of	 VDES,	 and	 under	 whose	 control	 is	 considered	 to	 be	
around	 3%	 of	 the	 human	 genome	 [4].	 The	 recent	 growing	 interest	 in	 VDES	 is	
mainly	due	to	its	multiple	roles	in	global	health	maintenance.	Apart	from	classical	
diseases	 such	 as	 rickets,	 osteomalacia	 and	 osteoporosis,	 vitamin	 D	 insufficiency	
has	 been	 associated	 to	 several	 chronic	 diseases	 (e.g.,	 arthritis,	 cardiovascular,	
cancer,	 diabetes,	 multiple	 sclerosis,	 psychiatric	 illnesses)	 [5],	 thus	 increasing	
nearly	 exponentially	 over	 the	 last	 decade	 the	 demand	 from	 basic	 and	 clinical	
scientists	 for	 tests	 intended	 to	 quantify	 vitamin	 D	 and	 metabolites	 [5].	 The	
essential	question	of	how	much	vitamin	D	 is	needed	 for	optimal	bone	and	global	
health	 remains	 unsolved	 [6,7].	 Despite	 vitamins	 D2	 and	 D3	 are	 generally	
considered	 to	 be	 equivalent	 in	 humans,	 there	 are	 evidences	 that	 vitamin	 D3	 is	
substantially	more	efficient	than	vitamin	D2	to	rise	serum	25(OH)D	concentrations	









than	 that	 of	 25(OH)D3	 as	 the	 former	 is	 more	 unstable	 and	 it	 is	 present	 in	
serum/plasma	 at	 the	 pg/mL	 level	 versus	 ng/mL	 level	 for	 25(OH)D3.	 Current	
methods	 for	 determination	 of	 25(OH)D	 and	 1,25(OH)2D	 include	 competitive	
protein	 binding	 assay	 (CPB)	 [13],	 Radioimmunoassay	 (RIA)	 [14,15],	 Enzyme-
Linked	 Immuno-Sorbent	 Assay	 (ELISA)	 [16],	 and	 Chemiluminescence	
Immunoassays	 (CLIA)	 [13],	 which	 have	 demonstrated	 cross-reactivity	 for	





1,25(OH)2D	 as	 target	 analyte	 when	 applied	 to	 serum	 or	 plasma	 is	 the	 time-
consuming	 and	 tedious	 sample	 preparation	 step.	 Preparation	 of	 serum/plasma	
samples	 for	 determination	 of	 the	 dihydroxymetabolite	 makes	 mandatory	 its	
preconcentration	 and	 removal	 of	 interferents.	 Automated	 solid	 phase	 extraction	
(SPE)	constitutes	an	excellent	tool	to	facilitate	and	speed	up	the	steps	involved	in	
sample	 preparation.	 In	 addition,	 the	 system	 can	 be	 on-line	 coupled	 to	 LC	
equipment	 thus	 allowing	 monitoring	 of	 the	 entire	 SPE	 process	 with	 recovery	
estimation	[20].	Apart	 from	automation,	minimization	of	matrix	effects	and	other	
variability	 sources	 is	 crucial	 to	 improve	 the	 overall	 method.	 The	 use	 of	 stable	
isotopic	 labeled	 internal	 standards	 (SIL-ISs)	 [23–25]	 with	 physico-chemical	
properties	 identical	 or	 similar	 to	 the	 target	 analytes	 is	 critical	 to	 overcome	
variability	sources	[26].	Proficiency	testing	programs	have	been	created	to	assess	
comparative	 performances	 and	 improve	 the	 accuracy	 of	 total	 25(OH)D	 and	
1,25(OH)2D	 methods	 [3,27].	 Among	 them,	 the	 Vitamin	 D	 External	 Quality	
Assessment	Scheme	(DEQAS)	is	presently	considered	an	accuracy-based	program	
for	selected	vitamin	D	metabolites	[28].		
Despite	 present	 methods	 based	 on	 LC–MS/MS	 are	 most	 times	 endowed	 with	





automated	 platforms	 that	 can	 meet	 the	 need	 for	 throughput,	 precision	 and	
accurate	 testing	 of	 vitamin	 D	 and	 metabolites	 with	 special	 emphasis	 on	 the	
dihydroxymetabolites	due	 to	 their	 low	physiological	 concentrations.	The	present	
research	 was	 aimed	 at	 validating	 an	 automated	 SPE–LC–MS/MS	 platform	 with	




and	 24,25(OH)2D3.	 The	 inclusion	 of	 vitamin	 D2	 and	 metabolites	 in	 analytical	
methods	is	not	usual	as	this	form	is	practically	not	detected	in	humans	unless	it	is	
administered	 as	 supplement,	 which	 is	 a	 common	 practice	 in	 USA.	 It	 is	 worth	
emphasizing	that	the	development	of	the	method	was	supported	on	the	use	of	SIL-




LC–MS	 grade	 reagents	 and	 solvents	 were	 used	 in	 this	 research.	 Ammonium	
formate	from	Sigma–Aldrich	(Sigma–Aldrich,	St.	Louis,	MO,	USA)	and	acetonitrile,	
formic	 acid	 and	 methanol	 from	 Scharlab	 (Barcelona,	 Spain)	 were	 used	 for	
preparation	of	chromatographic	mobile	phases	and	SPE	solutions.	
Metabolites	 1,25(OH)2D2,	 1,25(OH)2D3,	 24,25(OH)2D3,	 25(OH)D2,	 25(OH)D3,	
vitamin	 D2	 and	 vitamin	 D3	 were	 from	 Sigma.	 Stable	 isotopic	 standards	
1,25(OH)2D3-d6,	 24,25(OH)2D3-d6,	 25(OH)D3-d6,	 and	 vitamins	 D3-d6	 were	 syn-
thesized	 by	 A.	 Mouriño	 and	 M.	 A.	 Maestro	 (vitamin	 D	 research	 group).	 The	
25(OH)D2-d3	 and	 vitamins	 D2-d3	 isotopic	 standards	were	 from	 Sigma.	 Individual	
standard	solutions	were	prepared	by	dissolving	1	mg	of	 each	analyte	or	 isotopic	





biological	 samples	 (either	 serum	 or	 plasma)	 were	 prepared	 by	 dilution	 of	 the	
appropriate	 volume	 in	 methanol.	 One	 multistandard	 working	 solution	 was	
prepared	 with	 the	 target	 analytes	 at	 different	 concentrations:	 100	 ng/mL	 for	
dihydroxymetabolites	1,25(OH)2D2	and	1,25(OH)2D3;	1	μg/mL	for	24,25(OH)2D3;	5	
μg/mL	for	25(OH)D3	and	25(OH)D2;	and	10	μg/mL	for	vitamins	D2	and	D3.	Other	
solution	 was	 prepared	 with	 each	 isotopic	 standard	 —7.5	 ng/mL	 for	 isotopic	





by	 electrospray	 ionization	 in	 positive	 mode	 (ESI+)	 and	 MS/MS	 detection.	
Chromatographic	separation	was	carried	out	with	an	Agilent	(Palo	Alto,	CA,	USA)	




equipment	 comprises	 a	 unit	 for	 automatic	 cartridge	 exchange	 (ACE),	 an	
autosampler	 (Reliance)	 furnished	 with	 a	 0.2	 mL	 sample	 loop	 and	 two	 high-
pressure	syringe	dispensers	(HPDs)	 for	SPE	solvent	delivery.	Peek	tubing	of	0.25	
mm	i.d.	(VICI,	Houston,	Texas,	USA)	was	used	to	connect	all	valves	of	the	Symbiosis	
unit	 and	LC–MS/MS	modules.	A	 stainless	 tube	of	1.0	mm	 i.d.	 and	130	 cm	 length,	
about	1	mL	volume,	was	used	to	connect	 the	Reliance	 to	 the	ACE	unit	 for	mixing	
the	 serum	 sample	 and	 loading	 solution.	 A	 10×2	 mm	 cartridge	 packed	 with	
Hysphere	C8	(Spark	Holland)	as	sorbent	material	was	used	for	SPE.	The	analytical	
column	was	 a	 Poroshell	 120	EC-C18	 (2.7	 μm	particle	 size,	 50×4.6	mm	 i.d.)	 from	







Ten	 serum	 samples	 were	 provided	 by	 DEQAS	 for	 analysis	 of	 25(OH)D	 and	
1,25(OH)2D	 using	 the	 proposed	 method.	 The	 samples	 were	 prepared	 from	
individual	 blood	 donations	 and	 were	 sterilized	 by	 filtration	 through	 0.2	 μm	
microbiological	 grade	 filters	 by	 the	 Oncology/Endocrinology	 Laboratory	 of	
Charing	Cross	Hospital	(Fulham	Palace	Rd,	London	W6	8RF,	UK)	[28].	
Three	 serum	 pools	 were	 prepared	 by	 spiking	 the	 target	 analytes	 at	 low,	
intermediate	 and	 high	 concentrations	 according	 to	 the	 physiological	 levels	
described	 in	 the	 literature	 [29].	The	 concentrations	used	 for	preparation	of	 each	







of	 24,25(OH)2D3-d6	 and	 0.3	 ng/mL	 of	 1,25(OH)2D3-d6—	 shaken	 and	 introduced	
into	 the	autosampler.	 Supplementary	Fig.	1.A	shows	 the	analytical	platform	used	
for	determination	of	vitamin	D	and	its	metabolites.	The	sample	loop	was	filled	with	
0.2	 mL	 of	 filtered	 serum	 from	 the	 sample	 vial,	 which	 was	 refrigerated	 in	 the	
Reliance	 unit	 at	 6	 °C.	 The	 serum	 was	 subjected	 to	 the	 sequence	 of	 automatic	
operations	described	in	Supplementary	Table	2.	
The	initial	chromatographic	mobile	phase	was	5	mM	ammonium	formate	in	85:15	
(v/v)	 methanol–water	 at	 a	 flow	 rate	 of	 0.3	 mL/min.	 The	 temperature	 in	 the	
column	compartment	was	15	 °C.	At	2	min,	a	 linear	gradient	was	programmed	 to	





conditions	 were	 maintained	 for	 10	 min	 until	 the	 end	 of	 the	 chromatographic	
separation	 step.	 The	 total	 analysis	 time	 was	 15	 min,	 10	 additional	 min	 being	
required	 for	re-establishing	and	equilibrating	the	 initial	conditions.	A	 last	step	to	
purge	tubing	and	cartridge	for	reuse	was	developed	in	the	Symbiosis	system.	The	
chromatographic	detection	step	of	a	 sample	and	 the	SPE	step	of	 the	next	 sample	
overlapped,	thus	improving	the	analysis	frequency.	
The	 eluate	 from	 the	 chromatographic	 column	 was	 monitored	 by	 MS/MS	 in	
selected	 reaction	monitoring	 (SRM).	The	 flow	and	 temperature	of	 the	drying	gas	




and	 that	 of	 the	 corresponding	 SIL-IS.	 Quantitative	 analysis	 of	 1,25(OH)2D2	 was	
carried	out	by	using	1,25(OH)2D3	as	IS	due	to	their	structural	similarity.	
A	calibration	model	was	developed	for	each	analyte	using	a	serum	pool,	aliquots	of	
which	 were	 spiked	 with	 different	 concentrations	 of	 the	 standard	 of	 the	 target	
analyte	 and	 a	 constant	 concentration	 of	 the	 deuterated	 standard.	 Also,	 a	 blank	




The	 sequence	 followed	 in	 the	 optimization	 of	 MS/MS	 detection	 was	 as	 follows:	
isolation	of	the	precursor	ion	with	the	highest	efficiency;	study	of	the	product	ions;	






3	 list	 the	 information	 for	 quantitative	 analysis	 of	 the	 target	 analytes	 and	 SIL-ISs	
with	precursor	and	product	ions,	dwell	time	used	for	each	SRM	transition,	collision	
energy	 values	 and	 the	 transitions	 selected	 for	 quantitative	 purposes.	 As	 can	 be	
seen,	 precursor	 ions	 for	 each	 analyte/deuterated	pair	 reported	 a	mass	 shift	 of	 6	
m/z	 units.	 MS	 scans	 for	 each	 analyte/deuterated	 pair	 are	 illustrated	 in	
Supplementary	Fig.	2.	
	






















































Additionally,	 it	 is	 worth	 mentioning	 that	 the	 monitored	 product	 ions	 for	 each	
vitamin	 D3	 metabolite	 and	 its	 corresponding	 deuterated	 standard	 were	 equal.	
Therefore,	product	ions	should	fit	molecular	structures	without	deuterium	atoms.	
This	 is	 not	 a	 limitation	 since	 quantitative	 transitions	 were	 clearly	 different	 for	
analytes	and	ISs.	Figures	1	and	2	show	MS/MS	spectra	obtained	for	each	precursor	
ion	 with	 the	 most	 representative	 product	 ions	 monitored	 in	 quantitative	 and	














Sensitivity	 in	 the	 analysis	 of	 vitamin	 D	 is	 a	 crucial	 analytical	 feature	 taking	 into	
account	 the	 low	 levels	 at	 which	 relevant	 metabolites	 such	 as	 the	 dihydroxy-
metabolites	 are	 present	 in	 serum.	 The	 complexity	 of	 a	 biofluid	 as	 serum	 is	 a	
limitation	 to	 achieve	 low	 detection	 limits	 by	 analysis	 of	 fractions	 obtained	 by	
liquid–liquid	extraction	with	non-aqueous	 solvents.	This	 limitation	 is	 ascribed	 to	
ionization	 suppression	 effects	 that	 contribute	 to	 decrease	 the	 sensitivity	 of	 LC–





target	 analytes	 and	 cleanup	 for	 interferents	 removal	 is	 the	 appropriate	 strategy.	




Fig.	 2.	MS/MS	 spectra	 of	 vitamin	D2,	 its	metabolites	 and	 their	 SIL-ISs:	 (E)	 25(OH)D2	 and	
25(OH)D2-d3;	(F)	vitamin	D2	and	vitamins	D2-d3;	(G)	1,25(OH)2D2.	
	
Despite	 the	 similarity	 of	 the	 chemical	 structures	 of	 vitamin	 D	 and	 metabolites,	
critical	differences	in	the	interaction	with	sorbents	can	be	found.	Thus,	vitamin	D,	
25(OH)D3,	 and	 1,25(OH)2D3	 could	 interact	 differently	 with	 SPE	 sorbents.	 A	
previous	study	identified	C18	and	C8	SPE	sorbents	as	the	most	suited	materials	for	
extraction	of	 vitamin	D	and	metabolites	 as	well	 as	 for	 interferents	 removal	 [30].	
Both	 sorbents	 are	 based	 on	 different	 degrees	 of	 lipophilic	 interactions.	 In	 the	










analysis	 of	 clinical	 samples.	 Figure	 3	 shows	 the	 extracted	 ion	 chromatograms	
(EICs)	 obtained	 with	 C8	 and	 C18	 sorbents	 for	 vitamin	 D3,	 25(OH)D3	 and	
1,25(OH)2D3	 as	 representative	 metabolites	 of	 the	 three	 groups	 of	 analytes	
monitored	 in	this	research:	vitamin	D,	mono-	and	dihydroxylated	metabolites.	As	
can	 be	 seen,	 C18	 showed	 the	 best	 retention/elution	 behavior	 for	 vitamin	 D3,	
justified	by	the	higher	lipophilic	interactions	with	the	C18	sorbent	as	compared	to	
C8.	 On	 the	 other	 hand,	 C8	 was	 clearly	 the	 best	 sorbent	 for	 25(OH)D3	 and	
1,25(OH)2D3.	Taking	into	account	that	the	analysis	of	vitamin	D	is	compromised	by	
the	 sensitivity	 of	 hydroxylated	 metabolites	 and,	 particularly,	 of	 dihydroxylated	
metabolites,	the	C8	sorbent	was	selected	for	further	studies.		
The	variables	subjects	of	the	optimization	study	are	listed	in	Supplementary	Table	
4	with	 detailed	 information	 of	 the	 experiments	 carried	 out	 in	 each	 step:	 sample	
loading,	 sorbent	 washing-up	 and	 elution.	 Supplementary	 Fig.	 3	 shows	 the	 SRM	
chromatograms	obtained	by	analysis	of	 serum	spiked	at	100	ng/mL	 for	vitamins	




Calibration	 plots	were	 run	 using	 the	 peak	 area	 ratio	 between	 the	 target	 analyte	
and	 that	of	 the	 IS	as	a	 function	of	 the	standard	concentration	of	each	compound.	
Regression	coefficients	were	above	0.99	 for	all	 calibration	models.	The	analytical	
features	 of	 the	 calibration	models	 are	 shown	 in	 Table	 2.	 The	 limits	 of	 detection	













As	 Table	 2	 shows,	 the	 sensitivity	 was	 better	 for	 vitamin	 D3	 and	 metabolites	 as	
compared	to	vitamin	D2.	In	the	former	case	the	LOQ	values	were	below	the	normal	
concentrations	observed	in	human	serum,	according	to	the	literature	[31,32].	It	is	

















Calibration	 plots	were	 run	 using	 the	 peak	 area	 ratio	 between	 the	 target	 analyte	




respectively,	higher	 than	 the	background	noise	measured	at	 a	 time	close	 to	each	
chromatographic	signal.	As	Table	2	shows,	the	sensitivity	was	better	for	vitamin	D3	
and	metabolites	 as	 compared	 to	 vitamin	 D2.	 In	 the	 former	 case	 the	 LOQ	 values	
were	below	the	normal	concentrations	observed	in	human	serum,	according	to	the	
literature	[31,32].	It	is	worth	noting	that	the	two	vitamin	D3	metabolites,	25(OH)D3	
and	 1,25(OH)2D3,	 which	 are	 the	 circulating	 and	 active	 forms	 of	 vitamin	 D3,	




The	 precision	 of	 the	 method	 was	 evaluated	 by	 calculation	 of	 the	 within-day	
variability	and	between-days	variability	both	expressed	as	RSD.	For	this	purpose,	a	
single	experimental	set-up	with	duplicate	analysis	per	day	(for	7	days)	was	carried	
out	 with	 a	 serum	 pool	 spiked	 with	 the	 target	 analytes	 at	 intermediate	 levels	
(Supplementary	 Table	 1)	 according	 to	 physiological	 levels	 described	 in	 the	






cleaning	 and	 preconcentration	 of	 the	 target	 analytes.	 The	 within	 day	 variability	




24,25(OH)2D3 1.5 5 5	pg/mL	–50	ng/mL y	=	1.794x	–	0.564 0.992 1.5 2.6
1,25(OH)2D3 1.5 4 4	pg/mL	–	5	ng/mL y	=	0.0013x	+	0.144 0.996 2.9 9.2
1,25(OH)2D2 15.1 50 50	pg/mL–	50	ng/mL y	=	2.065x	–	0.425 0.998 8.1 9.0
25(OH)D3 0.3 1.2 1.2	pg/mL	–250	ng/mL y	=	0.514x	–	0.427 0.997 4.5 8.4
25(OH)D2 75.7 250 0.25	ng/mL	–250	ng	mL y	=	0.622x	–	0.548 0.996 2.0 3.5
Vit	D2 15.1 50 50	pg/mL	–500	ng/mL y	=	0.171x	–	0.473 0.990 4.0 7.2















low,	 intermediate	 and	 high	 concentrations	 of	 the	 target	 analytes	 according	 to	
physiological	levels	described	in	the	literature	(Supplementary	Table	1)	using	the	
two	cartridges	configuration	of	the	SPE	workstation	(illustrated	in	Supplementary	
Fig.	1.B)	 [33–35].	 In	 this	configuration,	 two	cartridges	with	 the	same	sorbent	are	
put	in	serial;	hence	the	retention	capability	of	the	C8	SPE	sorbent	is	evaluated	by	
comparison	 of	 the	 amount	 of	 analyte	 retained	 in	 both	 cartridges.	 With	 this	
configuration,	the	recovery	factor	was	calculated	as	amount	of	analyte	retained	in	
cartridge	1/[amount	 of	 analyte	 in	 cartridge	1+amount	 of	 analyte	 in	 cartridge	2].	
The	 values	 obtained	 for	 the	 three	 spiked	 levels	 allowed	 obtaining	 a	 medium	
recovery	 factor	 for	 each	 analyte,	which	 is	 shown	 in	Table	3.	The	 recovery	 factor	
was	 practically	 100%	 for	 dihydroxymetabolites,	 which	 is	 crucial	 for	 their	
quantitation	 in	 serum.	 On	 the	 other	 hand,	 the	 recovery	 factors	 for	










analytes.	 The	 next	 step	 was	 focused	 on	 the	 accuracy	 study	 to	 check	 if	 internal	
standards	are	able	to	correct	retention	efficiency	anomalies.	
3.3.4.	Accuracy	of	the	method	
The	 accuracy	 of	 the	 method	 and	 potential	 matrix	 effects	 were	 studied	 for	 each	
analyte	 by	 analysis	 of	 the	 three	 serum	 pools	 spiked	 at	 three	 different	
concentrations	depending	on	the	analyte	(Supplementary	Table	1).	
	









Vit	D3 60.2 93.6 	
	
	
Non-spiked	 serum	 aliquots	 were	 also	 analyzed	 (three	 replicates/aliquot)	 to	
compare	 the	 concentrations	 spiked	 with	 those	 calculated	 by	 the	 calibration	
models.	 For	 this	 purpose,	 the	 one-cartridge	 configuration	 was	 used	







values	 obtained	 by	 analysis	 of	 the	 three	 serum	 pools)	 of	 83.3	 and	 93.6%,	
respectively.	Therefore,	 the	 internal	 standard	used	 for	 their	quantitative	analysis	
allowed	compensating	errors	in	the	recovery	factors.	The	sensitivity	of	the	method	
for	 these	analytes	 is	 enough	 for	 their	quantitation	 in	human	serum.	The	average	
accuracy	 for	 dihydroxylated	 metabolites	 ranged	 from	 89.3	 to	 95.9%,	 which	 are	
within	 the	 precision	 range	 previously	 estimated.	 Finally,	 the	 monohydroxylated	
metabolites	reported	values	of	96.3	and	89.4%	for	25-hydroxyvitamins	D3	and	D2,	
respectively.	The	accuracy	of	the	method	guarantees	quantitation	of	vitamin	D	and	
its	main	 five	metabolites	with	 capability	 to	 evaluate	 the	metabolic	 status	 of	 this	
liposoluble	vitamin.	
3.4.	External	validation	of	the	method	according	to	DEQAS	
The	method	was	 externally	 validated	 according	 to	 the	 DEQAS	 program.	 For	 this	
purpose,	ten	samples	(code	number	451−460)	provided	by	DEQAS	were	analyzed	
in	 triplicate	 to	 determine	 the	 concentration	 of	 total	 25(OH)D,	 as	 the	 sum	 of	
concentrations	of	25(OH)D3	and	25(OH)D2,	which	was	compared	for	each	sample	
with	 the	 corresponding	 target	 value	 provided	 by	 DEQAS.	 The	 reference	 values	
used	 for	 comparison	 correspond	 to	 the	 average	 concentrations	 obtained	 by	
considering	 only	 those	 laboratories	 using	 LC–MS/MS	 methods,	 but	 also	 all	 the	
different	 laboratories	 ascribed	 to	 the	 DEQAS	 program,	 which	 involved	 the	
application	of	five	different	analytical	techniques.	Supplementary	Table	5	lists	the	
average	 concentrations	 provided	 by	 (i)	 the	 proposed	method,	 (ii)	 all	 LC–MS/MS	
methods,	 and	 (iii)	 All-Laboratory	 Trimmed	 Mean	 (ALTM).	 Also	 the	 bias	 of	 the	
proposed	 method	 related	 to	 the	 LC–MS/MS	 methods	 and	 ALTM	 methods,	
expressed	as	percentage,	are	in	the	table.	The	bias	percentage	by	taking	the	values	
provided	by	all	 laboratories	using	LC–MS/MS	as	reference	concentrations	ranged	








to	DEQAS	specifications,	external	validation	 is	passed	 if	 this	percentage	of	bias	 is	






The	 obtained	 results	 were	 compared	 with	 the	 target	 values	 provided	 by	 those	
laboratories	using	LC–MS/MS	methods	and	by	all	laboratories	ascribed	to	DEQAS,	
as	 Supplementary	 Table	 5	 shows.	 As	 can	 be	 seen,	 the	 percentage	 of	 bias	 by	
comparison	with	LC–MS/MS	laboratories	ranged	from	0.4	to	14.8%,	except	for	two	
samples	 (346	 and	 347)	 that	 the	 method	 here	 reported	 overestimated	 values	
around	20%	(25.8	and	19.4,	respectively).	Nevertheless,	the	comparison	with	the	
average	values	corresponding	 to	all	 laboratories	ascribed	 to	DEQAS	 led	 to	better	
accuracy	 results	 since	 the	 bias	 percentage	 was	 always	 below	 11%,	 except	 for	
sample	349	that	provided	15.3%.	These	values	are	within	the	limits	established	by	
DEQAS,	 set	 at	 ±30%	 in	 this	 case,	 taking	 into	 account	 that	 this	 metabolite	 is	
generally	 detected	 at	 pg/mL	 in	 serum.	 By	 analogy,	 the	 correlation	 analysis	
provided	 an	 R2	 value	 of	 0.8853,	 which	 also	 proves	 a	 good	 performance	 of	 the	
proposed	method	 (Supplementary	 Fig.	 4).	 In	 general	 terms,	 the	 SPE–LC–MS/MS	
method	provided	an	overestimation	of	 the	 levels	of	25(OH)D	and	1,25(OH)2D	as	
compared	to	the	values	provided	by	all	laboratories	but,	in	any	case,	the	variability	









An	 automated	 method	 for	 quantitative	 analysis	 of	 vitamin	 D	 and	 its	 main	
metabolites	has	been	here	validated.	The	method	was	designed	 to	provide	a	 fast	
chromatographic	 separation	 of	 vitamins	 D3	 and	 D2	 and	 their	 main	 metabolites	
[1,25(OH)2D3,	 24,25(OH)2D3,	 1,25(OH)2D2,	 25(OH)D3,	 25(OH)D2]	 in	 serum	
samples.	The	use	of	SIL-ISs	endows	the	method	with	a	suitable	tool	for	avoiding	or	
minimizing	 ionization	 suppression	 effects,	 and	 compensates	 for	 other	 variability	
sources	 induced	 by	 sample	 preparation	 steps	 (e.g.,	 dilution,	 concentration	 by	
solvent	evaporation	and/or	analytes	adsorption,	instrumental	variations	including	
injection	 volume	 and	 ionization	 effects,	 as	 well	 as	 variations	 in	 response	 over	
time).	
The	method	 is	 very	 appropriate	 to	 determine	 the	 25(OH)D	metabolite,	which	 is	
that	 usually	 evaluated	 in	 most	 clinical	 analysis	 as	 it	 is	 the	 indicator	 of	 the	
nutritional	 state	 of	 vitamin	 D.	 In	 the	 countries	 where	 supplementation	 (either	
nutritional	or	pharmacological)	is	provided	by	vitamin	D2,	both	vitamins	D2	and	D3	




hypoparathyroidism	 and	 hyperparathyroidism,	 and	 also	 for	 screening	 of	 hyper-











methods	 to	 differentiate	 both	 forms	 are	 of	 interest	 in	 pharmacokinetics	 studies,	
and	to	know	the	absorption	capacity	of	metabolites	orally	administrated.	Also,	the	
determination	 of	 both	 vitamin	D2	 and	 its	 25(OH)D2	metabolite	 could	 help	 in	 the	
study	 of	 the	 capability	 of	 vitamin	 D	 absorption	 in	 malabsorption	 processes	 as	
celiac	disease,	inflammatory	bowel	disease	or	bariatric	surgery.	On	the	other	hand,	
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Solvation	1 10 2 Methanol
Solvation	2 5 4 Methanol
Equilibration 3 4 25%	ACN–0.7%F
Equilibration 3 4 25%	ACN–0.7%F
Sample	application 3 4 25%	ACN–0.7%F
Wash	cartridge 3 0.5 30%	ACN
Elution Mobile	phase 5	min
Purge	1 5 5 Methanol
Purge	2 5 5 30%	ACN
Purge	3 5 5 Water
Purge	4 5 5 30%	ACN
































































































Sample	 loading	was	 optimized	 by	 testing	 different	 solvent	 compositions	 using	methanol–
water	 and	 acetonitrile–water	 mixtures.	 The	 concentration	 of	 organic	 solvent	 was	 tested	







percents	of	 acetonitrile	 in	water	between	0	 and	30%	were	 checked.	Technical	 limitations	
impeded	 to	 test	 concentrations	 higher	 than	 30%	 (v/v)	 of	 acetonitrile	 because	 of	 protein	




concentrations	 0.7	 or	 0.9%	 (v/v)	 enhanced	 the	 analytical	 responses	 of	 25(OH)D3	 and	
1,25(OH)2D3	since	moderate	acid	pH	values	favor	the	release	of	vitamin	D	metabolites	from	
transport	 proteins	 and,	 additionally,	 hydrophobic	 interactions	 are	 enhanced	 under	 these	
conditions.	Therefore,	0.7%	(v/v)	formic	acid	was	used	in	the	loading	step.	
Concerning	 the	 washing	 step,	 different	 methanol–water	 and	 acetonitrile–water	 mixtures	
from	 0:100	 to	 30:70	 (v/v)	 were	 evaluated	 to	 minimize	 ionization	 suppression	 effects.	
Acetonitrile	 solutions	 proved	 more	 efficient	 than	 methanol	 mixtures,	 and	 30:70	 (v/v)	
acetonitrile–water	was	the	optimum	washing	solution	since	higher	concentration	of	organic	
solvent	 led	 to	partial	 elution	of	 the	 target	analytes.	The	optimum	volume	 for	washing	 the	
cartridge	was	0.5	mL	at	3	mL/min.		
Finally,	 the	 elution	 step	was	 studied	 by	 testing	 different	 elution	 times	 from	 4	 to	 15	min	
during	which	the	chromatographic	mobile	phase	was	pumped	through	the	C8	sorbent.	The	

















































451 34.8 32.3 7.7 32.4 7.4
452 119.8 116.9 2.5 114.9 4.3
453 71.6 66.5 7.7 60.7 18.0
454 49.4 53.5 -7.7 50.3 -1.8
455 60 55.5 8.1 55.5 8.1
456 75.4 77.1 -2.2 81.9 -7.9
457 46.4 42.3 9.7 42 10.5
458 70.6 78 -9.5 74.5 -5.2
459 90.1 98.7 -8.7 99.4 -9.4













341 139.3 125.5 11.0 133.8 4.1
342 84.8 76.1 11.4 80.5 5.3
343 110.1 100.4 9.7 114.3 -3.7
344 91.5 91.9 -0.4 87.1 5.1
345 92.1 84.5 9.0 103.4 -10.9
346 153 121.6 25.8 155.5 -1.6
347 115 96.3 19.4 109.7 4.8
348 89.4 81.9 9.2 93.5 -4.4
349 110 106.5 3.3 129.9 -15.3


























































of	 vitamin	 D2	 and	 D3,	 50	 ng/mL	 of	 monohydroxymetabolites	 and	 10	 ng/mL	 of	
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Abstract	
A	 method	 based	 on	 automated	 on-line	 solid	 phase	 extraction	 coupled	 to	 two-
dimensional	 liquid	 chromatography	 with	 tandem	 mass	 spectrometry	 detection	
(SPE-2DLC–MS/MS)	is	here	reported	for	vitamin	D	metabolite	profiling	in	human	
serum	with	absolute	quantification.	Two-dimensional	LC	was	configured	with	two	
complementary	analytical	 columns,	pentafluorophenyl	 (PFP)	and	C18	phases,	 for	
determination	 of	 25	 hydroxyvitamin	 D3	 epimers	 and	 the	 rest	 of	 bioactive	
metabolites	 of	 vitamin	 D	 (D3	 and	 D2):	 25-hydroxyvitamin	 D2,	 1,25-dihydroxy-
vitamin	 D3,	 1,25-dihydroxyvitamin	 D2	 and	 24,25-dihydroxyvitamin	 D3.	 Quantita-
tive	determination	was	supported	on	the	use	of	a	stable	 isotopic	 labeled	 internal	
standard	for	each	analyte	and	the	resulting	method	was	validated	by	analysis	of	a	






































resulted	 in	 an	 increase	 in	 the	 development	 of	 new	 methods	 for	 their	
determination.	In	addition	to	the	well	known	role	of	vitamin	D	to	maintain	calcium	
homeostasis	 and	 prevent	 rickets	 and	 osteomalacia	 [1],	 other	 diseases	 such	 as	
pathogenesis	 of	 autoimmune	 diseases,	 cardiovascular	 disorders,	 infectious	
diseases	[2],	even	inhibition	of	progression	of	breast,	colon	or	pancreas	cancer	[1]	
have	been	related	to	abnormal	concentrations	or	ratios	of	vitamin	D	metabolites	in	
humans.	The	 levels	of	 the	 target	 compounds	are	usually	determined	 in	 serum	or	
plasma,	 being	 the	 most	 frequently	 quantified	 analytes	 vitamin	 D3,	 25(OH)D3,	
24,25(OH)2D3	and	1,25(OH)2D3	[3,4].	Although	the	bioactive	form	of	vitamin	D3	is	
the	 1,25(OH)2D3	 metabolite,	 its	 concentration	 at	 the	 pg/mL	 level	 and	 possible	
cross-reactivity	with	24,25(OH)2D3	 in	most	of	 the	assays	 routinely	used	 [2]	have	
led	 to	 the	 use	 of	 the	 25(OH)D3	 metabolite,	 which	 is	 at	 the	 ng/mL	 level,	 as	 a	
biomarker	 of	 vitamin	 D	 status.	 Among	 the	 available	 methods	 to	 determine	 the	
concentration	of	25(OH)D3,	which	range	from	immunoassays	(RIA,	ELISA,	CPB)	[5–
8]	to	those	based	on	chromatographic	separation	and	determination	by	molecular	
UV–vis	 absorption	 or	mass	 spectrometry	 (MS)	 [9],	methods	 based	 on	MS	 are	 at	
present	 the	 best	 as	 they	 do	 not	 suffer	 from	 limitations	 of	 specificity,	 cross-
reactivity	 or	 low	 sensitivity.	 Therefore,	 MS	 methods	 are	 considered	 as	 the	 gold	
standard	 for	 analysis	 of	 endocrine	 hormones	 as	 they	 provide	 enough	 sensitivity	
for	 all	 vitamin	 D	 metabolites	 [2],	 which	 can	 be	 even	 improved	 by	 the	 use	 of	
automated	 solid	 phase	 extraction	 (SPE).	 This	 combination	 can	 give	 place	 to	 a	
clinical	routine	method	that	requires	short	analysis	time	(30	min)	and	low	sample	
volume	(250	μL)	to	determine	seven	analytes	[9,10].		







not	 been	 identified	 [13].	 Also	 the	 subsequent	 step	 in	 the	metabolism	 of	 the	 C3-
epimer	 form	[3-epi-25(OH)D3]	 to	yield	3-epi-1,25(OH)2D3	has	been	detected,	and	
this	dihydroxy	 form	determined	 [12].	Bailey	et	al.	 have	 summarized	 some	of	 the	
most	important	physiological	functions	of	these	metabolites	[1],	but	more	research	
is	 required	 to	 puzzle	 out	 the	 physiological	 function	 of	 C3-epimers	 of	 vitamin	 D	
[14].	 It	 has	 been	 established	 that	 the	 3-epi-25(OH)D3	 represents	 60%	 of	 total	
25(OH)D	[15]	in	infants,	and	only	6.1%	in	adults	[13];	therefore,	quantification	of	
3-epi-25(OH)D3	 and	 25(OH)D3	 might	 be	 an	 added	 value	 in	 a	 clinical	 routine	
method	 once	 the	 role	 of	 the	 epimer	 form	 is	 clarified.	 As	 both	 metabolites	 have	
identical	 elemental	 composition	 but	 different	 structure,	 they	 undergo	 identical	
selected	reaction	monitoring	(SRM)	transitions,	 thus	 leading	to	overestimation	of	
25(OH)D3	 concentration	 in	 most	 LC–MS/MS	 methods,	 which	 are	 unable	 to	




published	 so	 far	has	been	either	 as	 relative	percentage	 considering	as	100%	 the	
concentration	of	the	two	forms	of	the	monohydroxymetabolite	[15],	or	jointly	with	
the	25(OH)D3	form.	Confirmation	of	the	3-epi-25(OH)D3	peak	by	a	stable	isotopic	
labelled	 internal	 standard	 (SIL-IS),	 for	 example,	 the	 d3-3-epi-25(OH)D3,	 had	 not	
been	carried	out	so	far.	According	to	the	present	information	on	this	matter,	a	new	
analytical	method	has	been	developed	for	vitamin	D	metabolite	profiling	in	human	
serum,	 including	 the	 3-epi-25(OH)D3	 form.	 The	 method	 involved	 a	 special	
configuration	 based	 on	 two-dimensional	 liquid	 chromatography	 (2DLC)	 on-line	
coupled	 to	solid-phase	extraction	and	 tandem	mass	spectrometry	detection.	Two	
complementary	 columns,	 a	 pentafluorophenyl	 (PFP)	 column	 and	 a	 C18	 column,	
were	 used	 for	 separation	 of	 the	 two	 25(OH)D3	 epimers	 without	 affecting	 the	








The	 monohydroxymetabolites	 25(OH)D2,	 25(OH)D3	 and	 3-epi-25(OH)D3,	










and	 vitamin	 D3.	 Other	 solution	 was	 prepared	 with	 all	 isotopic	 standards	 −7.5	
ng/mL	 for	 1,25(OH)2D3-d6	 and	 125	 ng/mL	 24,25(OH)2D3-d6;	 625	 ng/mL	 for	
25(OH)D3-d6,	3-epi-25(OH)D3-d3,	25(OH)D2-d3,	vitamin	D2-d3	and	vitamin	D3-d6.	
LC–MS	 grade	 reagents	 and	 solvents	 were	 used	 in	 this	 research.	 Ammonium	




The	 analyses	 were	 performed	 by	 2DLC	 in	 reversed-phase	 mode	 followed	 by	
electrospray	ionization	in	positive	mode	(ESI	+)	and	MS/MS	detection	in	Selected	
Reaction	 Monitoring	 (SRM)	 acquisition	 mode.	 Chromatographic	 separation	 was	
carried	out	with	an	Agilent	(Palo	Alto,	CA,	USA)	1200	Series	LC	system	coupled	to	






(2.7	μm	particle	 size,	50×4.6	mm	 i.d.),	both	 from	Agilent.	A	guard	column	(2.7	m	
particle	size,	5.0×2.1	mm	i.d.),	also	from	Agilent,	was	used	to	preserve	the	integrity	
of	the	analytical	columns.	The	data	were	processed	using	MassHunter	Workstation	
Software	 (V-B.05)	 for	 qualitative	 and	 quantitative	 analysis.	 On-line	 SPE	 was	
performed	by	a	Symbiosis	system	(Spark	Holland,	Emmen,	The	Netherlands).	This	
commercial	equipment	comprises	a	unit	 for	automatic	 cartridge	exchange	 (ACE),	









guidelines	 dictated	 by	 the	 World	 Medical	 Association	 Declaration	 of	 Helsinki	
(2004),	 which	 were	 supervised	 by	 the	 ethical	 review	 board	 of	 Reina	 Sofia	
University	Hospital	(Córdoba,	Spain)	that	approved	the	experiments.	Venous	blood	
from	each	 individual	was	collected	 into	a	Vacutainer®	 (Becton	Dickinson)	plastic	
serum	tube	with	spray-coated	silica	and	a	polymer	gel	to	favor	serum	separation.	
All	 collection	 tubes	 were	 processed	 by	 centrifugation	 at	 2000×g.	 After	 that,	 the	
samples	were	placed	in	plastic	ware	tubes	and	stored	at	−80	ºC	until	analysis.	Five	
human	 serum	 samples	 were	 provided	 by	 DEQAS	 for	 analysis	 of	 1,25(OH)2D	
[1,25(OH)2D3+	 1,25(OH)2D2]	 using	 the	 proposed	 method.	 The	 samples	 were	
prepared	from	individual	blood	donations	and	were	sterilized	by	filtration	through	
0.2	μm	microbiological	grade	filters	by	the	Oncology/Endocrinology	Laboratory	of	












24,25(OH)2D3-d6	 and	 0.3	 ng/mL	 of	 1,25(OH)2D3-d6-,	 shaken	 and	 located	 in	 the	
autosampler.	 Figure	 1	 shows	 the	 analytical	 platform	 used	 for	 determination	 of	
vitamin	D	and	its	metabolites.		
The	 sample	 loop	was	 filled	 with	 0.2	mL	 of	 filtered	 serum	 from	 the	 sample	 vial,	
which	was	refrigerated	at	6	ºC in	the	Reliance	unit.	The	serum	was	subjected	to	the	
sequence	of	automatic	operations	described	 in	Supplementary	Table	2	 that	were	
optimized	 in	 previous	 publications	 [3,9].	 Elution	 from	 the	 SPE	 cartridge	 was	
carried	out	with	 the	mobile	phase	 for	6	min	 to	 the	PFP	analytical	 column,	which	
was	 initially	 on-line	 connected	 to	 the	 C18	 column.	 At	 min	 13	 of	 the	
chromatographic	program	(when	the	dihydroxymetabolites	reach	the	C18	column)	
valve-2	switches	and	the	eluting	solution	from	the	PFP	column	is	directly	led	to	the	
QqQ	detector	 to	complete	 the	chromatographic	method.	Thus,	 the	monohydroxy-
metabolites	do	not	pass	through	the	C18	column.	At	min	18	the	valve-2	switches	
again	 to	 the	 initial	 configuration	with	 the	on-line	 connection	of	 the	 two	columns	
for	separation	of	vitamin	D	forms	in	the	C18	column.	
The	mobile	phases	were	water	(phase	A)	and	methanol	(phase	B)	both	containing	
5	 mM	 ammonium	 formate	 as	 ionization	 agent.	 Initially,	 the	 mobile	 phase	 was	







The	 final	 gradient	 conditions	 were	 maintained	 for	 8	 min	 until	 the	 end	 of	 the	
chromatographic	step.	The	total	analysis	time	was	28	min,	and	10	additional	min	
were	 required	 for	 re-establishing	 and	 equilibrating	 the	 initial	 conditions.	 The	
column	temperature	was	constant	at	10	ºC	during	the	analysis.	A	final	step	in	the	






aspiration	 and	 equilibration/solvation	 of	 the	 SPE	 sorbent.	 (B)	 Sample	 loading	 inthe	 SPE	
sorbent.	 (C)	 Elution	 of	 the	 target	 analytes	 from	 the	 SPE	 sorbent	 to	 the	 PFP-C18	
configuration.	(D)	Valve	switching	for	determination	of	monohydroxymetabolites	afterPFP	





























+ 133.1 20 20.7
Vit	D3-d3 385.3 107.1 25
Vit	D2-d3 400.4 382.1 10
Vit	D3 385.3 [M+H]+ 107.1 30 26.9
26.7
25(OH)D2 395.3 [M+H-(H2O]
+ 107.1 30 13.9
Vit	D2 397.3 [M+H]+ 379.2 5
3epi-25(OH)D3-d3 386.4 107.1 30
25(OH)D2-d3 398.4 107.1 30




13.5 25(OH)D3-d6 389.3 107.1 25
3epi-25(OH)D3 14
24,25(OH)2D3-d6 405.4 121.1 20
1,25(OH)2D3 399.3 [M+H-(H2O]
+ 227.1 20 20.3
24,25(OH)2D3 399.3 [M+H-(H2O]





intermediate	 and	 high	 concentrations	 according	 to	 the	 physiological	 levels	
described	 in	 the	 literature	 [17]	 (see	 the	 concentrations	 used	 for	 preparation	 of	









only	 with	 deuterated	 standards	 was	 prepared	 to	 correct	 the	 endogenous	
concentration	of	the	target	analytes	in	the	serum	pool.	
2.6.	Data	treatment	





The	 PFP	 and	 C18	 columns	 were	 compared	 in	 terms	 of	 capacity	 to	 separate	 the	
vitamin	 D	 metabolites	 under	 study,	 the	 3-epi-25(OH)D3	 form	 included.	 The	




at	 intermediate	 concentrations	 (Supplementary	 Table	 1)	 and	 with	 SIL-ISs	 was	
analyzed	 in	 the	 SPE–LC–MS/MS	 arrangement	 using	 each	 column	 separately.	 The	
reversed	 phase	 gradient	 described	 above	 for	 two-dimensional	 chromatography	
was	 used	 for	 these	 tests.	 Figure	 2	 shows	 the	 chromatograms	 provided	 by	 each	
column.	As	 can	be	 seen,	 the	PFP	column,	with	a	 separation	mechanism	based	on	
interaction	 of	 hydroxyl	 groups	 with	 the	 sorbent,	 allowed	 separation	 of	 the	



















not	 possible,	 in	 contrast	 to	 24,25(OH)2D3	 that	 is	 normally	 present	 at	






determination	of	1,25(OH)2D3,	as	previously	reported	 [3,9],	but	 it	was	notable	 to	
discriminate	 the	 two	C-3	 epimer	 forms	of	25(OH)D3.	 It	 is	 also	worth	mentioning	
that,	 although	 the	 sensitivity	 for	vitamin	D2	and	D3,	 the	 less	polar	 compounds,	 is	
not	critical,	it	was	considerably	enhanced	with	the	C18	column	as	compared	to	the	
PFP	 column.	 The	 differences	 in	 sensitivity	 can	 be	 explained	 by	 the	 ionization	
efficiency	 attained	 in	 both	 methods	 despite	 the	 same	 chromatographic	 gradient	
was	used.	As	can	be	seen,	vitamin	D2	and	D3	were	eluted	 in	12	min	with	the	C18	
based	 method,	 while	 22	 min	 were	 required	 in	 the	 PFP	 approach.	 Therefore,	






According	 to	 the	 results	 presented	 above,	 a	 two-dimensional	 configuration	 was	
adopted	 for	 combined	 analysis	 of	 monohydroxymetabolites	 epimers	 and	
dihydroxy	metabolites.	The	PFP	column	was	mandatory	for	separation	of	epimers,	
while	 the	 C18	 sorbent	 allowed	 determining	 the	 dihydroxymetabolites	 with	 high	
sensitivity.	For	this	reason,	the	PFP	column	was	connected	to	the	C18	column	by	a	
switching	 valve	 (see	 Figure	 1)	 in	 a	 PFP-C18	 configuration.	 This	 valve	 enables	 to	
lead	the	PFP	eluate	either	directly	to	the	mass	spectrometer	or	to	the	C18	column	
for	 2DLC	 separation	 prior	 to	 detection.	 This	 switching	 valve	 was	 automatically	
programmed	 according	 to	 the	 elution	 order	 of	 the	 three	 groups	 of	 analytes:	
dihydroxy	vitamin	D	metabolites,	monohydroxy	vitamin	D	metabolites	and	vitamin	
D	forms.	Despite	initially	the	valve	was	set	for	2DLC	separation,	it	was	switched	at	






18	 min	 the	 valve	 was	 switched	 again	 to	 the	 initial	 configuration	 to	 allow	 the	
passage	of	vitamin	D	forms	through	the	C18	column.	Therefore,	the	monohydroxy	
metabolites	 interacted	 only	with	 the	 PFP	 column,	 while	 the	 rest	 of	 the	 analytes	







Fig.	 3.	 MRM	 chromatograms	 obtained	 by	 the	 two-dimensional	 chromatography	
configuration	 (PFP-C18)	 from	 serum	 spiked	 with	 100	 ng/mL	 of	 vitamin	 D2	 and	 D3,	 50	











QqQ	 analyzer.	 The	 reverse	 configuration,	 C18-PFP	 column	 did	 not	 provide	
successful	 results	 since	 resolution	 in	 the	 separation	 of	 25(OH)D3	 epimers	 was	
critically	 affected	 (Supplementary	 Fig.	 1).	 Modifications	 of	 the	 chromatographic	
gradient	improved	the	resolution	of	epimers	separation,	but	also	affected	critically	




Calibration	 models	 were	 prepared	 using	 pools	 of	 human	 serum	 from	 donors,	
which	were	spiked	with	vitamin	D	and	metabolites	at	different	concentrations,	and	
also	 with	 the	 SIL-IS	 for	 each	 compound.	 Table	 2	 lists	 the	 principal	 analytical	
features	of	the	calibration	models.	The	limits	of	detection	(LOD)	and	LOQ	for	each	
metabolite	were	 calculated	 as	 the	 concentration	 providing	 signals	 three	 and	 ten	
times,	respectively,	higher	than	the	background	noise	measured	at	retention	time	
close	 to	each	chromatographic	 signal.	All	 calibration	models	provided	 regression	
coefficients	 above	 0.99.	 As	 shown	 in	 Table	 2,	 the	 method	 is	 endowed	 with	
appropriate	sensitivity	to	quantify	all	the	analytes	at	their	normal	levels	in	human	
serum	 [17],	 ranging	 from	 ng/mL	 to	 pg/mL.	 It	 is	 worth	 mentioning	 that	 the	
sensitivity	 for	 3-epi-25(OH)D3	 was	 quite	 similar	 to	 that	 obtained	 for	 25(OH)D3,	
which	 means	 that	 this	 analytical	 feature	 was	 not	 affected	 by	 epimerization.	
Additionally,	the	sensitivity	provided	by	this	2DLC	configuration	was	quite	similar	























24,25(OH)2D3 90 0.3 0.3	ng/mL	–50	ng/mL y	=	0.39x	+	0.042 0.994 3.2 8.2
1,25(OH)2D3 9 0.03 30	pg/mL	–	2.5	ng/mL y	=	0.0021x	+	0.454 0.995 3.9 7.8
1,25(OH)2D2 15 0.05 50	pg/mL–	50	ng/mL y	=	2.065x	–	0.425 0.996 6.4 11.3
25(OH)D3 75 0.25 0.25	ng/mL	–250	ng/mL y	=	0.514x	–	0.427 0.997 7.2 9.9
3epi-25(OH)D3 90 0.3 0.3	ng/mL	–250	ng/mL y	=	0.240x	+	0.241 0.996 4.1 4.6
25(OH)D2 75 0.25 0.25	ng/mL	–250	ng	mL y	=	0.622x	–	0.548 0.996 4.4 5.3
Vit	D2 30 0.1 0.1	ng/mL	–250	ng/mL y	=	0.171x	–	0.473 0.990 6.0 8.9
Vit	D3 30 0.1 0.1	ng/mL–250	ng/mL y	=	1.276x	–1.5581 0.996 2.1 11.6 	
	
3.3.2.	Precision	
The	precision	 of	 the	method	was	 evaluated	 by	 calculation	 of	 the	within-day	 and	
between-days	variability	both	expressed	as	relative	standard	deviation	(RSD).	For	
this	 purpose,	 a	 single	 experimental	 set-up	 by	 duplicate	 analysis	 each	 day	 (for	 7	
days)	was	carried	out	with	the	serum	pool	spiked	with	the	target	analytes	at	inter-
mediate	 concentrations	 (Supplementary	 Table	 1)	 according	 to	 the	 physiological	
levels	 described	 in	 the	 literature	 [17].	 The	 obtained	 results,	 listed	 in	 Table	 2,	
shows	 that	 precision,	 expressed	 as	 RSD,	 was	 below	 11.6%,	 and	 the	 within-day	
variability	 was	 below	 7.2%	 for	 all	 analytes.	 The	 precision	 estimation	 for	 3-epi-
25(OH)D3	was	slightly	lower	than	the	values	reported	for	the	25(OH)D3	form	and,	





low,	 intermediate	and	high	concentrations	of	 the	 target	analytes	 (Supplementary	





(illustrated	 in	 Supplementary	 Fig.	 2)	 [3,9].	 This	 configuration	 allows	 checking	 if	
the	 target	analytes	are	quantitatively	retained	 in	one	SPE	cartridge	at	 the	 typical	
concentration	 range.	 The	 recovery	 factor	 was	 calculated	 as	 amount	 of	 analyte	
retained	 in	 cartridge	1/[amount	of	 analyte	 in	 cartridge	1	+	 amount	of	 analyte	 in	
cartridge	2].	The	values	obtained	for	the	three	spiked	levels	allowed	obtaining	an	
average	 recovery	 factor	 for	 each	analyte,	 as	 shows	Table	3.	The	 recovery	 factors	
were	 around	 100%	 for	 dihydroxymetabolites,	 which	 is	 crucial	 for	 their	
quantification	 in	 serum,	 while	 the	 monohydroxymetabolites,	 including	 the	 3-
epimer,	 were	 above	 95.2%.	 On	 the	 other	 hand,	 the	 recovery	 factor	 decreased	
considerably	up	to	59.1	and	60.2%	for	vitamin	D2	and	D3,	respectively,	which	could	
be	 explained	 by	 a	 low	 extraction	 efficiency	 of	 the	 C18	 sorbent	 for	 the	 two	 less	
polar	 forms.	 Nevertheless,	 these	 two	 analytes	 are	 present	 at	 high	 physiological	
levels	 as	 compared	 to	 the	 vitamin	 D	 metabolites	 and,	 therefore,	 quantitative	
extraction	is	not	a	key	requirement.	
	


















The	 accuracy	 of	 the	 method	 and	 potential	 matrix	 effects	 were	 studied	 for	 each	
analyte	 by	 using	 the	 three	 serum	 pools	 spiked	 at	 three	 different	 concentration	
levels	 as	 previously	 described	 (Supplementary	 Table	 1).	 The	 accuracy	 was	
calculated	 by	 the	 ratio	 [measured	 concentration–endogenous	 concen-
tration]/spiked	concentration.	According	 to	 this	equation,	 the	monohydroxylated	
metabolites	reported	values	of	96.1	and	95.4%	for	25-hydroxy	vitamin	D3	and	D2,	
respectively,	and	95.5%	for	the	C3-epimer.	The	sensitivity	of	the	method	for	these	
analytes	 is	 appropriate	 for	 their	 quantification	 in	 human	 serum.	 The	 average	
accuracy	for	the	dihydroxylated	metabolites	ranged	from	89.3	to	95.9%,	which	are	
within	 the	 precision	 range	 previously	 estimated.	 Finally,	 vitamins	 D2	 and	 D3	
reported	 average	 accuracy	 values	 of	 83.3	 and	 93.6%,	 respectively,	which	means	




The	 method	 was	 externally	 validated	 by	 analysis	 of	 the	 standard	 reference	
material	NIST-972a,	which	consists	of	serum	samples	with	concentrations	of	3-epi-
25(OH)D3,	 25(OH)D3	 and	 25(OH)D2	 certified	 by	 NIST.	 These	 serum	 samples	
encompassed	 a	 wide	 range	 of	 concentrations	 of	 the	 three	 target	
monohydroxymetabolites,	which	were	within	 the	normal	values	described	 in	 the	
literature	 [17].	 The	 concentration	 levels	 ranged	 from	 0	 to	 29.4	 ng/mL	 of	 3-epi-
25(OH)D3,	 from	 18.1	 to	 29.4	 ng/mL	 of	 25(OH)D3	 and	 from	 0	 to	 13.3	 ng/mL	 of	
25(OH)D2.	The	obtained	results	after	in	triplicate	analysis	of	each	sample,	and	the	
certified	concentrations	are	listed	in	Table	4,	with	the	bias	for	each	measurement	











Sample Nº SPE–LC–MS/MS value (ng/mL)
LC–MS/MS methods 
mean value (ng/mL)






476 92.6 101.1 8.3 99.7 7.0
477 43.2 45.3 4.4 42.8 -1.1
478 67.9 74.6 8.9 74.1 8.3
479 30.0 32.4 7.0 30.8 2.4
480 97.6 103.6 10.3 97.7 4.9
Sample Nº SPE–LC–MS/MS value (pg/mL)
LC–MS/MS methods 
mean value (pg/mL)






366 85.2 100.8 -15.5 110.3 -22.7
367 72.9 102.1 -28.6 105.2 -30.7
368 84.5 79.1 6.8 85.5 -1.2
369 116.6 112.5 3.6 128.7 -9.4





Since	 the	 used	 standard	 reference	 material	 does	 not	 provide	 certified	
concentrations	 for	 the	 dihydroxymetabolites,	 five	 serum	 samples	 provided	 by	
DEQAS	 (code	 number	 366-370)	 were	 analyzed	 in	 triplicate	 with	 the	 proposed	




samples,	 the	 obtained	 results	 and	 the	 bias	 percentage.	 As	 can	 be	 seen,	 the	
percentage	of	bias	ranged	from	3.6	to	28.6%.	These	deviations	are	within	the	limits	








Level Analytes SPE–LC–MS/MS value (ng/mL)
Certified NIST value 
(ng/mL) BIAS (%)
25(OH)D3 28.2 28.8 2.0
3-epi-25(OH)D3 1,75 1.84 4.7
25(OH)D2 0.74 0.81 7.8
25(OH)D3 16.5 18.1 8.5
3-epi-25(OH)D3 1.20 1.29 6.4
25(OH)D2 14.2 13.3 -6.7
25(OH)D3 18.6 19.8 5.7
25(OH)D3 27.3 29.4 7.2










Comparison	between	a	new	method	and	 those	 existing	 in	 the	 literature	 requires	
discussion	of	the	improvements	attained	with	the	proposed	approach.	As	the	most	
remarkable	aspects	of	the	proposed	method	is	the	inclusion	of	3-epi-25(OH)D3,	the	
comparison	 is	 exclusively	 focused	 on	methods	 involving	 quantitative	 analysis	 of	
the	epimer	forms.	It	has	been	recently	when	methods	for	determination	of	vitamin	
D	 metabolites	 have	 included	 3-epi-25(OH)D3	 among	 the	 target	 analytes.	 The	
methods	in	which	a	single	chromatographic	column	is	used	are	able	to	determine	
only	monohydroxymetabolites	[5,6,8,15,16,18,19],	 ignoring	the	rest	of	 interesting	
biological	 active	 metabolites	 of	 vitamin	 D	 such	 as	 24,25(OH)2D3,	 1,25(OH)2D3,	
1,25(OH)2D2,	 and	 even	 vitamin	 D3	 and	 D2.	 Only	 Beacher	 et	 al.	 included	
24,25(OH)2D3	among	their	target	analytes	[19].	A	method	involving	two	chromato-
graphic	 columns	was	 reported	 by	 Shah	 et	al.	 [20],	 with	 a	 total	 of	 eight	 analytes	





metabolite,	 24,25(OH)2D3,	 known	 as	 the	 excretion	 metabolite	 of	 vitamin	 D.	 The	
method	here	proposed	includes	24,25(OH)2D3.	In	addition,	as	compared	with	that	
of	Shah	et	al.,	our	method	takes	advantage	of	 the	amount	of	sample	per	analysis:	
0.25	mL	 versus	 1.0	mL	 required	 by	 Shah	 et	al.	 These	 authors	 also	 used	manual	







elution	 of	 vitamins	 D2	 and	 D3	and	 their	 metabolites	 prior	 to	 reaching	 the	 mass	
detector.	 The	 nature	 of	 the	 columns	 allows	 separation	 of	 eight	 analytes,	 and	 the	
sensitivity	 of	 the	 mass	 detector	 made	 possible	 their	 quantification	 at	 the	 levels	
they	typically	exist	in	human	serum	(ranging	from	μg/mL	to	pg/mL)	using	a	small	
sample	volume	(250	μL).	The	method	presents	less	sample	preparation	than	one-
column	 LC	 methods	 and	 has	 similar	 levels	 of	 sensitivity.	 The	 method	 has	 been	
characterized	 and	 validated	 by	 application	 to	 a	 standard	 reference	 material	
certified	 by	 NIST	 for	 monohydroxymetabolites	 including	 the	 3-epimer	 of	
25(OH)D3.	 Additionally,	 five	 samples	 provided	 by	 DEQAS	 enabled	 to	 check	 the	
usefulness	of	the	method	for	determination	of	1,25(OH)2D.	
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Solvation	1 10 2 Methanol
Solvation	2 5 4 Methanol
Equilibration 3 4 25%	ACN–0.7%	F*
Equilibration 3 4 25%	ACN–0.7%	F*
Sample	application 3 4 25%	ACN–0.7%	F*
Wash	cartridge 3 0.5 30%	ACN
Elution Mobile	phase 6	min
Purge	1 5 5 Methanol
Purge	2 5 5 30%	ACN
Purge	3 5 5 Water
Purge	4 5 5 30%	ACN













monohydroxymetabolites	 and	 10	 ng/mL	 of	 dihydroxymetabolites.	 (1)	 24,25(OH)2D3,	 (2)	


























Supplementary	 Fig.	 2.	Scheme	of	 the	SPE–LC–MS/MS	instrumental	configuration	used	 in	
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recoge	 en	 el	 Capítulo	 3.	 Los	 diferentes	 recubrimientos	 internos	 de	 los	 tubos	 de	
recogida	 se	 estudiaron	 en	 función	 del	 analito	 finalmente	 determinado	 —
principalmente	25(OH)D	y	1,25(OH)2D—,	comparando	así	entre	tipos	de	muestra	
aislada:	 suero	 o	 plasma.	 La	 selección	 del	 pretratamiento	 de	 la	 muestra	 implicó	
desproteinización	y	SPE,	de	las	que	esta	última	proporcionó	los	mejores	valores	de	
limpieza	 y	 de	 preconcentración.	 La	 selección	 de	 la	 muestra	 derivada	 de	 la	 de	
sangre	 total	 puso	 de	 manifiesto	 que	 el	 plasma	 proporcionó	 igualmente	 mayor	
intensidad	 de	 señal	 para	 los	 analitos,	 pero	 el	 suero	 dio	 lugar	 a	 una	 menor	
contribución	del	ruido	de	fondo	que	facilito	la	cuantificación	de	los	analitos	menos	
concentrados.	
La	 estabilidad	 de	 la	 muestra	 es	 un	 aspecto	 clave	 que	 había	 sido	 pobremente	
estudiado	hasta	la	fecha	en	relación	con	la	vitamina	D	y	sus	metabolitos.	Éste	fue	el	
objeto	del	Capítulo	4	de	esta	Memoria,	que	abarca	un	estudio	de	dos	meses	sobre	
la	 estabilidad	 de	 todos	 los	 analitos	 implicados	 en	 el	 método	 desarrollado.	 La	
influencia	 de	 la	 temperatura	 y	 del	 número	 de	 ciclos	 de	 congelación/des-
congelación	 durante	 el	 almacenaje	 de	 cada	 analito	 en	 las	 muestras	 de	 suero	
permitió	 establecer	 las	 mejores	 condiciones	 para	 su	 conservación.	 Un	 estudio	
adicional	 sobre	 la	 estabilidad	 de	 las	 muestras	 de	 suero	 liofilizadas	 puso	 de	










Section	 II	 of	 this	 PhD-Book	 encompasses	 the	 research	devoted	 to	 optimizing	 the	
first	steps	of	the	method,	overall	objective	of	the	Thesis.		
A	 first	 study	 was	 devoted	 to	 sample	 collection	 and	 sample	 pretreatment,	
constituting	Chapter	3.	The	different	coatings	of	the	collection	tubes	were	assayed	
as	 a	 function	 of	 the	 target	 analyte	 —mainly	 25(OH)D	 and	 1,25(OH)2D—	 to	 be	
finally	 determined,	 thus	 also	 comparing	 between	 the	 types	 of	 isolated	 samples:	
serum	 or	 plasma.	 Selection	 of	 sample	 pretreatment	 involved	 deproteination	 and	
SPE,	 with	 the	 latter	 providing	 better	 clean-up	 and	 preconcentration	 effects.	
Selection	of	 the	blood-derived	 sample	 showed	 that	plasma	provided	a	bit	 higher	
intensity	 signals	 from	 the	 target	 analytes,	 but	 serum	 gave	 place	 to	 a	 lower	
background	contribution	that	facilitated	quantification	concentrated	analytes.	
Sample	stability	is	a	key	aspect	that	had	been	poorly	studied	so	far	in	dealing	with	
vitamin	D	and	 its	metabolites.	For	 this	 reason,	 this	was	 the	 subject	of	Chapter	4,	
which	encompasses	a	two-month	stability	study	of	all	the	analytes	involved	in	the	
developed	method.	The	influence	of	temperature	in	sample-serum	storage	and	the	
number	 of	 freeze/thaw	 cycles	 on	 each	 analyte	 were	 thus	 known	 and	 the	 best	
conditions	 for	 future	 storage	 established.	 An	 additional	 study	 on	 the	 stability	 of	
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and	 1,25-dihydroxyvitamin	 D3,	 is	 gaining	 interest	 in	 clinical	 studies	 due	 to	 the	
classical	and	non-classical	effects	attributed	to	this	prohormone.	 In	this	research,	
the	influence	of	the	two	steps	preceding	determination	(viz.,	sample	collection	and	
preparation)	 on	 the	 quantitative	 analysis	 of	 vitamin	 D3	 and	 its	 more	 important	
metabolites	 has	 been	 studied.	 Two	 preparation	 approaches,	 deproteination	 and	
solid	phase	extraction	(SPE),	have	been	evaluated	in	terms	of	sensitivity	to	decide	




analytes	 in	 both	 samples.	 Statistical	 analysis	 revealed	 that	 serum	 and	 plasma	
provided	 similar	 physiological	 levels	 for	 vitamin	 D3,	 24,25-dihydroxyvitamin	 D3	


































United	 States,	 requests	 to	 clinical	 laboratories	 for	 analysis	 of	 this	 vitamin	 have	
increased	at	a	rate	of	80–90%	per	year	[1].	This	growing	demand	is	a	consequence	
of	 the	recognition	of	both	a	high	prevalence	of	deficiency	 in	vitamin	D	 in	diverse	
social	 sectors	 [2]	 and	 the	 decisive	 role	 of	 vitamin	 D	 in	 multiple	 physiological	
functions.	 Thus,	 vitamin	 D	 deficiency	 or	 insufficiency	 has	 been	 associated	 to	
skeletal	diseases	such	as	rickets,	osteomalacia	and	osteoporosis,	but	also	to	several	
non-skeletal	 chronic	 diseases	 including	 cardiovascular	 diseases,	 certain	 types	 of	
cancer,	diabetes	and	psychiatric	illness,	among	others	[3].		
Currently,	vitamin	D	metabolites	determined	with	clinical	purposes	are	25(OH)D3	
(known	 as	 the	 circulating	 form	 of	 vitamin	 D),	 and	 1,25-dihydroxyvitamin	 D3	
[1,25(OH)2D3],	known	as	the	most	physiologically	active	form	of	vitamin	D	[4].	The	
analysis	 of	 both	metabolites	 can	 provide	 information	 on	 the	 status	 of	 vitamin	D	





owing	 to	 their	 instability	 in	 the	 presence	 of	 heat	 or	 UV	 light,	 their	 hydrophobic	
nature,	the	high	affinity	for	vitamin	D	binding	proteins,	the	structural	similarity	to	
other	 in	 circulation	metabolites,	 and	 the	 composition	of	 biological	 samples	 [7,8].	
All	these	factors	make	the	accurate	measurement	of	vitamin	D3	a	challenging	task.	
Semiautomated	 and	 fully	 automated	 immunoassay	methods	have	been	 reported;	
most	 of	 them	 based	 on	 competitive	 protein-binding	 assay	 (CPB)	 [9]	 —
radioimmunoassay	 (RIA)	 [10,11],	 enzyme-linked	 immuno-sorbent	 assay	 (ELISA)	
[12],	and	chemiluminescence	immunoassays	(CLIA)	[9]—,	and	endowed	with	good	












determine	 25(OH)D3	 and	 1,25(OH)2D3	 metabolites	 [13].	 Cerebrospinal	 fluid	 has	
also	 reported	 detectable	 levels	 of	 vitamin	 D	 metabolites,	 particularly	 25(OH)D3	
[14,15].	 Dried	 blood	 spots	 have	 provided	 good	 accuracy	 and	 precision	 for	
















was	 selected	 for	 blood	 sampling	 using	 four	 different	 tubes	 (plasma,	 plasma-gel,	












(Sigma–Aldrich,	 St.	 Louis,	 MO,	 USA)	 and	 acetonitrile	 (ACN),	 formic	 acid	 and	
methanol	 from	 Scharlab	 (Barcelona,	 Spain)	 were	 used	 from	 preparation	 of	
chromatographic	mobile	phases	and	solutions	for	sample	preparation.	Vitamins	D2	




Santiago,	 Santiago	 de	 Compostela,	 Spain)	 and	 M.A.	 Maestro	 (Department	 of	
Fundamental	 Chemistry,	 University	 of	 La	 Coruña,	 La	 Coruña,	 Spain),	 while	




target	 analytes	 at	 different	 concentrations:	 100	 ng/mL	 for	 dihydroxymetabolites	
1,25(OH)2D2	and	1,25(OH)2D3;	1	mg/mL	for	24,25(OH)2D3;	5	mg/mL	for	25(OH)D3	
and	25(OH)D2;	and	10	mg/mL	for	vitamin	D2	and	vitamin	D3.	Other	solution	was	
prepared	with	 each	 isotopic	 standard	—7.5	mg/mL	 for	 1,25(OH)2D3-d6	 and	 125	
mg/mL	 for	24,25(OH)2D3-d6;	625	mg/mL	 for	25(OH)D3-d6	and	25(OH)D2-d3;	 and	







The	 analyses	 involved	 reversed-phase	 LC	 (RP-LC)	 separation	 followed	 by	
electrospray	 ionization	 in	positive	mode	 (ESI+)	and	MS/MS	detection	 in	 selected	
reaction	monitoring	(SRM).	Chromatographic	separation	was	carried	out	with	an	
Agilent	 (Palo	 Alto,	 CA,	 USA)	 1200	 Series	 LC	 system	 coupled	 to	 an	 Agilent	 6410	
triple	quadrupole	mass	spectrometer.	The	data	were	processed	using	MassHunter	
Workstation	 Software	 (V-B.05)	 for	 qualitative	 and	 quantitative	 analysis.	
Hyphenated	 SPE	was	performed	by	 a	 Symbiosis	 system	 (Spark	Holland,	 Emmen,	
The	 Netherlands).	 This	 commercial	 equipment	 comprises	 a	 unit	 for	 automatic	
cartridge	 exchange	 (ACE),	 an	 autosampler	 (Reliance)	 furnished	 with	 a	 0.2	 mL	
sample	 loop	 and	 two	 high-pressure	 syringe	 dispensers	 (HPDs)	 for	 SPE	 solvent	
delivery.	 Peek	 tube	 of	 0.25	 mm	 i.d.	 (VICI,	 Houston,	 Texas,	 USA)	 was	 used	 to	






5.0×2.1	 mm	 i.d.),	 also	 from	 Agilent,	 was	 used	 to	 preserve	 the	 integrity	 of	 the	
analytical	column.	
2.3.	Sampling,	sample	collection	and	storage		
Thirteen	 individuals	 (3	men	 and	10	women)	 gave	 their	 informed	 consent	 for	 an	
assistance	study	involving	quantitation	of	vitamin	D	and	its	main	metabolites.	All	
steps	 from	 blood	 extraction	 to	 analysis	 were	 performed	 in	 compliance	with	 the	
guidelines	 dictated	 by	 the	 World	 Medical	 Association	 Declaration	 of	 Helsinki	







tubes	 (Becton	 Dickinson):	 plastic	 serum	 tubes	 with	 spray-coated	 silica	 (serum),	
plastic	 serum	 tubes	 with	 spray-coated	 silica	 and	 a	 polymer	 gel	 to	 favor	 serum	
separation	(serum-gel),	spray-coated	silica	tubes	with	heparin	for	plasma	(plasma)	
and	heparin	tubes	with	polymer	gel	to	favor	plasma	separation	(plasma-gel).	The	
gel	 forms	 a	 physical	 barrier	 between	 serum	 or	 plasma	 and	 blood	 cells	 during	
centrifugation,	 which	 allows	 setting	 a	 more	 efficient	 separation	 as	 compared	 to	
conventional	 tubes.	 All	 collection	 tubes	were	 processed	 by	 centrifugation	 for	 15	

























the	 autosampler.	 Supplementary	 Fig.	 1A	 shows	 the	 instrumental	 arrangement	
used	for	analysis	of	vitamin	D	and	its	metabolites.	The	sample	loop	was	filled	with	
0.2	 mL	 from	 the	 sample	 vial	 refrigerated	 at	 6	 ºC.	 The	 sequence	 of	 automatic	
operations	followed	in	the	procedure	is	described	in	Supplementary	Table	1.	
2.6.	LC–MS/MS	analysis	
The	 LC–MS/MS	 method	 used	 in	 this	 study	 for	 analysis	 of	 vitamin	 D	 and	
metabolites	 was	 that	 developed	 by	 Mena-Bravo	 et	 al.	 [20].	 The	 initial	
chromatographic	 mobile	 phase	 was	 5	 mM	 ammonium	 formate	 in	 85:15	 (v/v)	
methanol–water	 at	 a	 flow	 rate	 of	 0.5	mL/min.	The	 temperature	 of	 the	 analytical	
column	compartment	was	set	at	15	ºC	.	A	linear	gradient	was	programmed	from	2	
to	 5	 min	 to	 obtain	 as	 final	 composition	 of	 the	 mobile	 phase	 5	 mM	 ammonium	


















and	 that	 of	 the	 corresponding	 isotopic	 standard.	 Calibration	 models	 were	
developed	 for	 each	 analyte	 using	 a	 pool	 of	 serum	 or	 plasma,	 which	 was	 spiked	
with	different	concentrations	of	standard	solutions	of	the	target	analyte	and	with	
constant	 concentrations	 of	 the	 deuterated	 standards.	 Also,	 aliquots	 of	 serum	 or	








prepared	using	pools	of	both	biofluids	 from	donors,	which	were	 spiked	with	 the	
target	analytes	at	different	concentrations.	Table	1	lists	the	main	parameters	of	the	
resulting	 calibration	 models,	 the	 calibration	 ranges	 of	 which	 were	 defined	
according	 to	 the	 normal	 blood	 levels	 of	 each	 analyte	 described	 in	 the	 literature	
[18].		










Table	 1.	 Features	 of	 the	 calibration	models	 for	 analysis	 of	 vitamin	 D	 and	metabolites	 in	
serum	and	plasma	as	a	function	of	sample	preparation.	
Vit-D3 Sample Calibration	range R2 Equation
Serum 500	ng/mL	–1	pg/mL 98.75% y	=	1.276x	–1.5581
Plasma 500	ng/mL	–1	pg/mL 99.72% y	=	1.3693x	–0.8741
Serum 500	ng/mL	–1.5	ng/mL 99.52% y	=	0.1122x	–	0.1758
Plasma 500	ng/mL	–1.5	ng/mL 98.82% y	=	0.1096x	–	0.0339
Vit-D2 Sample Calibration	range R2 Equation
Serum 500	ng/mL	–50	pg/mL 99.23% y	=	0.1716x	–	0.4733
Plasma 500	ng/mL	–50	pg/mL 99.90% y	=	0.1662x	+	0.2503
Serum 500	ng/mL	–1.5	ng/mL 98.96% y	=	0.0731x	–	0.2493
Plasma 500	ng/mL	–1.5	ng/mL 96.31% y	=	0.06x	+	0.0738
25(OH)D3 Sample Calibration	range R2 Equation
Serum 250	ng/mL	–1	pg/mL 98.08% y	=	0.5148x	–	0.4278
Plasma 250	ng/mL	–1	pg/mL 99.87% y	=	0.1542x	+	0.4620
Serum 250	ng/mL	–0.75	ng/mL 98.63% y	=	0.0285x	+	0.032
Plasma 250	ng/mL	–0.75	ng/mL 98.34% y	=	0.0331x	+	0.0483
25(OH)D2 Sample Calibration	range R2 Equation
Serum 250	ng/mL	–0.25ng/mL 98.66% y	=	0.6219x	–	0.5481
Plasma 250	ng/mL	–0.25ng/mL 99.72% y	=	0.3908x	+	0.7616
Serum 250	ng/mL	–0.75ng/mL 98.96% y	=	0.019x	+	0.1157
Plasma 250	ng/mL	–0.75ng/mL 98.97% y	=	0.0261x	–	0.0293
24,25(OH)2D3 Sample Calibration	range R2 Equation
Serum 50	ng/mL	–15pg/mL 99.59% y	=	1.7943x	–	0.564
Plasma 50	ng/mL	–15pg/mL 99.38% y	=	3.913x	–	0.8856
Serum 50	ng/mL	–0.15ng/mL 96.96% y	=	0.1013x	+	0.0852
Plasma 50	ng/mL	–0.15ng/mL 96.84% y	=	0.1918x	+	0.1188
1,25(OH)2D2 Sample Calibration	range R2 Equation
Serum 50	ng/mL	–50pg/mL 99.10% y	=	2.0654x	–	0.4258
Plasma 50	ng/mL	–50pg/mL 99.73% y	=	2.8137x	+	1.7614
Serum 50	ng/mL	–0.15ng/mL 98.31% y	=	0.1603x	+	0.2784
Plasma 50	ng/mL	–0.15ng/mL 96.47% y	=	0.2676x	+	0.1188
1,25(OH)2D3 Sample Calibration	range R2 Equation
Serum 5	ng/mL	–15pg/mL 99.16% y	=	0.0013x	+	0.1445
Plasma 5	ng/mL	–15pg/mL 98.89% y	=	0.0043x	–	0.09
Serum 5	ng/mL	–0.1ng/mL 96.49% y	=	0.1835x	+	0.0116





















Thus,	 protein	 precipitation	 both	 in	 plasma	 and	 serum	 led	 to	 higher	 limits	 of	
quantitation	 than	 those	 provided	 by	 SPE.	 The	most	 compromised	 situation	 was	
found	 for	 the	 three	 dihydroxymetabolites	 —1,25(OH)2D2,	 1,25(OH)2D3	 and	
24,25(OH)2D3—,	 since	 the	 protein	 precipitation	 method	 provided	 limits	 of	
quantitation	(LOQs)	from	0.1	to	0.15	ng/mL,	considerably	above	the	typical	levels	
of	these	metabolites	in	blood.	On	the	other	hand,	the	LOQs	were	15	pg/mL	for	the	

















the	 target	 analytes	 at	 intermediate	 concentrations	 [18]	 by	 protein	 precipitation	
and	SPE–LC–MS/MS.		
According	to	the	obtained	LOQs	and	linear	calibration	ranges,	deproteination	can	
only	 be	 implemented	 in	 methods	 targeted	 at	 the	 analysis	 of	 vitamin	 D	 and	 its	
metabolites,	except	1,25(OH)2D3.	The	differences	 in	sensitivity	can	be	 justified	by	
the	 volume	 of	 sample	 injected	 on-column	 in	 each	 approach	 and,	 thus,	 by	 the	
preconcentration	 effect:	 41.6	mL	 in	 protein	 precipitation	 (by	 considering	 all	 the	
steps	involved	in	this	sample	preparation	procedure)	versus	200	mL	for	the	SPE-
based	method,	4.8	times	higher	in	SPE.	
3.2.	 Differences	 between	 serum	 and	 plasma	 for	 SPE–LC–MS/MS	 analysis	 of	
vitamin	D	
Once	 the	 best	 performance	 of	 the	 SPE	 method	 for	 analysis	 of	 vitamin	 D	 was	
assured,	 the	 influence	 of	 the	 type	 of	 sample,	 plasma	 or	 serum,	 on	 the	 optimum	
values	 of	 the	 variables	 that	 affect	 the	 analysis	 of	 vitamin	D	 and	metabolites	was	
assessed.	 The	 chemical	 composition	 of	 serum	 and	 plasma	 allowed	 establishing	









process.	 The	 absence	 of	 these	 proteins	 allows	 increase	 the	 concentration	 of	





these	 concentrations	 enhance	 protein	 precipitation	 in	 plasma.	 Concerning	 the	
calibration	models	built	 for	serum	and	plasma,	particular	differences	were	 found	
in	the	slopes	of	the	calibration	equations	for	some	metabolites,	as	Table	1	shows.	
These	 differences	 allow	 establishing	 a	 comparison	 in	 terms	 of	 sensitivity	 of	 the	
method.	Thus,	the	sensitivity	was	significantly	better	for	the	dihydroxymetabolites	
in	plasma	as	 compared	 to	 serum;	while	 the	opposite	effect	was	observed	 for	 the	
two	monohydroxymetabolites.	 The	 different	 sensitivity	 associated	 to	 the	 type	 of	
sample	 could	 be	 attributed	 to	 matrix	 interferents	 that	 could	 exert	 influence	 on	
each	at	a	particular	retention	time.	
The	SPE–LC–MS/MS	methods	 for	analysis	of	vitamin	D	and	metabolites	 in	serum	
and	 plasma	were	 compared	 in	 terms	 of	 recovery,	 accuracy	 and	 precision.	 These	
analytical	 features	were	calculated	by	using	pools	of	serum	and	plasma	spiked	at	




Vit-D3 Vit-D2 25(OH)D3 25(OH)D2 24,25(OH)2D3 1,25(OH)2D3 1,25(OH)2D2
Serum 60.1 59.0 98.8 97.2 100 100 99.8





on	 the	 coupling	 of	 two	 cartridges,	 as	 Supplementary	 Fig.	 1.B	 illustrates	 [21–23].	








Vit-D3 Vit-D2 25(OH)D3 25(OH)D2 24,25(OH)2D3 1,25(OH)2D3 1,25(OH)2D2
Serum 93.5 83.3 96.3 89.3 89.3 95.9 90.9




The	 recovery	 factor	 was	 practically	 100%	 for	 the	 three	 monitored	 dihydroxy-
metabolites,	 either	 in	 serum	 or	 plasma.	 A	 slight	 decrease	 in	 the	 recovery	 factor	
was	observed	for	 the	monohydroxymetabolites	as	 their	retention	time	 increased,	
which	was	more	significant	 in	 the	case	of	25(OH)D2	when	determined	 in	plasma.	
Thus,	the	recovery	factor	was	98.8	and	97.2%	for	25(OH)D3	in	serum	and	plasma,	
respectively;	while	this	parameter	was	97.2	and	83.0%	for	25(OH)D2	in	serum	and	
plasma,	 respectively.	 The	 decrease	 of	 the	 recovery	 factor	 as	 the	 retention	 time	
increased	 was	 more	 significant	 for	 vitamins	 D2	 and	 D3,	 as	 this	 parameter	 was	
around	 60%	 both	 in	 serum	 and	 plasma.	 The	 higher	 polarity	 of	 the	
didydroxymetabolites	 as	 compared	 to	 the	monohydroxymetabolites	 and	 the	 two	
forms	 of	 vitamin	D	 allows	 obtaining	 an	 efficient	 retention	 of	 the	 dihydroxylated	
forms,	 which	 is	 of	 paramount	 importance	 to	 address	 their	 quantitative	 analysis	
taking	into	account	their	low	levels	in	biological	samples.		
The	 accuracy	 and	 potential	 matrix	 effects	 were	 studied	 by	 the	 configuration	
described	in	Supplementary	Fig.	1.A.	The	average	accuracy	values	were	above	89%	
for	all	analytes	in	the	case	of	serum,	except	for	vitamin	D2	that	yielded	83.3%	(see	







The	 precision	 for	 each	 type	 of	 sample	 was	 evaluated	 under	 two	 experimental	
conditions:	within-day	variability	and	between-day	variability.	For	this	purpose,	a	
single	 experimental	 set-up	with	 duplicate	 analysis	 per	 day	was	 carried	 out	with	
pools	of	serum	and	plasma	spiked	with	the	target	analytes	at	 intermediate	 levels	





Table	 4.	 Differences	 between	 serum	 and	 plasma	 in	 “within	 and	 between	 days”	 analyses	
with	SPE	method.	
Vit-D3 Vit-D2 25(OH)D3 25(OH)D2 24,25(OH)2D3 1,25(OH)2D3 1,25(OH)2D2
Serum 2.1 6.0 7.2 4.4 3.2 3.9 6.4
Plasma 3.9 11.5 4.5 2.0 1.5 2.9 8.0
Vit-D3 Vit-D2 25(OH)D3 25(OH)D2 24,25(OH)2D3 1,25(OH)2D3 1,25(OH)2D2
Serum 11.6 8.9 9.9 5.3 8.2 7.8 11.3

















types	 of	 samples	 (collected	 in	 serum,	 serum-gel,	 plasma	 and	 plasma-gel	 tubes)	 from	 the	
selected	cohort.	
Serum Minimum Maximum Mean
1,25(OH)2D3	(pg/mL) 50.3 111.6 103.7
24,25(OH)2D3	(ng/mL) 2.0 7.9 4.3
25(OH)D3	(ng/mL) 13.8 45.9 29.2
Vitamin	D3	(ng/mL) 4.9 11.4 7.3
Serum-gel Minimum Maximum Mean
1,25(OH)2D3	(pg/mL) 51.7 174.4 109.2
24,25(OH)2D3	(ng/mL) 1.3 6.7 4.2
25(OH)D3	(ng/mL) 20.6 46.4 30.0
Vitamin	D3	(ng/mL) 5.0 9.5 7.3
Plasma Minimum Maximum Mean
1,25(OH)2D3	(pg/mL) 160.5 228.1 160.3
24,25(OH)2D3	(ng/mL) 1.5 6.4 4.3
25(OH)D3	(ng/mL) 15.9 49.2 31.5
Vitamin	D3	(ng/mL) 4.7 10.3 6.9
Plasma-gel Minimum Maximum Mean
1,25(OH)2D3	(pg/mL) 73.4 235.0 152.8
24,25(OH)2D3	(ng/mL) 1.9 7.9 4.3
25(OH)D3	(ng/mL) 15.4 41.3 31.5
Vitamin	D3	(ng/mL) 4.3 9.4 6.4 	
	
A	 paired	 t-test	 (95%	 confidence	 level)	 was	 applied	 to	 check	 the	 existence	 or	
absence	of	statistical	differences	between	levels	of	the	target	analytes	in	serum	or	
plasma	 collected	 in	 conventional	 and	 gel	 tubes.	 It	 is	 worth	mentioning	 that	 this	
study	was	based	on	 the	determination	of	vitamin	D3	and	metabolites	—25OHD3,	
1,25(OH)2D3	 and	 24,25(OH)2D3—	 since	 vitamin	 D2	 and	 metabolites	 were	 not	









of	 vitamin	 D3	 in	 plasma	 tubes	 were	 always	 higher	 than	 in	 plasma-gel	 tubes.	
Therefore,	 the	use	of	plasma	and	plasma-gel	 tubes	 is	not	 critical	 for	quantitative	




Fig.	 2.	 Concentration	 of	 vitamin	 D3,	 expressed	 as	 ng/mL,	 in	 samples	 from	 the	 selected	
cohort	collected	by	using	the	four	types	of	tubes.	
	
3.4.	 Comparison	 of	 the	 use	 of	 plasma	 or	 serum	 for	 quantitative	 analysis	 of	
vitamin	D	
The	 levels	 of	 vitamin	 D3	 and	 metabolites	 in	 plasma	 and	 serum	 samples	 of	 the	
cohort	 were	 also	 statistically	 compared	 by	 the	 paired	 t-test	 (95%	 confidence	
level).	Figure	3	shows	the	concentration	ranges	of	vitamin	D3	and	metabolites	—




















volunteers.	The	 t-test	 allowed	detecting	no	 statistical	differences	between	serum	
and	 plasma	 levels	 of	 vitamin	 D3,	 25(OH)D3	 and	 24,25(OH)2D3	 metabolites,	 but	









	Thus,	 the	 concentration	 of	 this	 metabolite,	 which	 is	 characterized	 by	 lower	
concentrations	than	the	rest	of	the	metabolites,	varied	from	111.5	to	226.2	pg/mL	
in	plasma;	while	 its	 range	was	quite	 lower	 in	 serum:	 from	52.7	 to	152.6	pg/mL.	
Therefore,	plasma	seems	to	be	more	suited	than	serum	for	quantitative	analysis	of	
1,25(OH)2D3,	 which	 is	 important	 taking	 into	 account	 that	 quantification	 of	 this	











A	Passing–Bablok	 regression	 analysis	 [24]	 for	 each	 analyte	was	 carried	out	with	
the	levels	measured	in	serum	and	plasma	of	the	volunteers.	Figure	4	illustrates	the	
regression	 graphs	 thus	 obtained,	 as	 well	 as	 the	 values	 of	 the	 main	 statistical	
parameters.	 The	 regression	 coefficients	 ranged	 from	 0.518	 for	 1,25(OH)2D3	 to	










preparation	 of	 blood	 for	 analysis	 of	 vitamin	D	 and	 its	metabolites.	 Thus,	 sample	






that	 the	 concentration	 of	 1,25(OH)2D3	 in	 plasma	was	 higher	 than	 that	 in	 serum.	
This	 finding	 is	 important	 taking	 into	 account	 that	 quantitation	 of	 this	
dihydroxymetabolite	 is	 the	 most	 limiting	 aspect	 of	 methods	 for	 assessment	 of	
vitamin	 D	 status.	 The	 use	 of	 collection	 tubes	with	 or	without	 coating	 gel	 shows	
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Step Flow	rate	(mL/min) Volume	(mL) Solvent Comment
New	cartridge
Start	autosampler Load	sample
Solvation	1 10 2 Methanol
Solvation	2 5 4 Methanol
Equilibration 3 4 25%	ACN–0.7%F
Equilibration 3 4 25%	ACN–0.7%F
Sample	application 3 4 25%	ACN–0.7%F
Wash	cartridge 3 0.5 30%	ACN
Elution Mobile	phase 5	min
Purge	1 5 5 Methanol
Purge	2 5 5 30%	ACN
Purge	3 5 5 Water
Purge	4 5 5 30%	ACN
Purge	5 5 5 Water 	
Supplementary	Table	1.B.	Steps	programmed	in	the	plasma	SPE	protocol.	
Step Flow	rate	(mL/min) Volume	(mL) Solvent Comment
New	cartridge
Start	autosampler Load	sample
Solvation	1 10 2 Methanol
Solvation	2 5 4 Methanol
Equilibration 3 4 25%	ACN–0.5%F
Equilibration 3 4 25%	ACN–0.5%F
Sample	application 3 4 25%	ACN–0.5%F
Wash	cartridge 3 0.5 20%	ACN
Elution Mobile	phase 6	min
Purge	1 5 5 Methanol
Purge	2 5 5 20%	ACN
Purge	3 5 5 Water
Purge	4 5 5 20%	ACN






























Supplementary	 Fig.	 2.	Scheme	of	 the	SPE–LC–MS/MS	instrumental	configuration	used	 in	
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involvement	 in	 a	 great	 number	 of	 pathologies.	 The	 analysis	 of	 vitamin	D	 and	 its	
hydroxymetabolites	in	biofluids	such	as	serum	or	plasma	is	a	challenging	task	due	
to	limitations	associated	to	the	low	concentrations	of	some	metabolites	(typically,	
dihydroxymetabolites),	methodological	 interferences,	 and	 the	 low	stability	of	 the	
compounds.	 Among	 these	 limitations,	 efforts	 have	 been	 targeted	 at	 optimizing	
instrumental	 improvements	 to	 develop	 more	 sensitive	 and	 selective	 methods,	
while	 the	 stability	 of	 vitamin	 D	 and	 metabolites	 has	 not	 been	 exhaustively	
evaluated.	 In	 this	 research,	 several	 aspects	 regarding	 stability	 of	 vitamin	D3	 and	
metabolites	 in	 serum	 have	 been	 studied	 by	 testing	 different	 sample	 storage	
conditions.	 An	 experimental	 plan	 has	 been	 applied	 to	 assess	 the	 influence	 on	
vitamin	 D3	 stability	 of	 two	 relevant	 parameters:	 the	 storage	 temperature	 for	 a	








vitamin	D3	 and	1,25-dihydroxyvitamin	D3	 the	 two	analytes	more	affected	by	 this	
parameter.	Concerning	the	freeze/thaw	cycles,	this	variable	must	be	limited	to	two	
cycles	 owing	 to	 its	 significant	 influence	 on	 the	 stability	 in	 serum	 of	 the	 two	
dihydroxymetabolites.	 Finally,	 lyophilization	 was	 also	 tested	 to	 check	 if	 serum	
concentrations	 of	 vitamin	 D3	 and	 its	 metabolites	 were	 affected	 by	 this	
preprocessing	 step.	 The	 results	 revealed	 that	 only	 vitamin	 D3	 decreased	 its	
concentration	 in	 serum	 after	 two	 months,	 which	 does	 not	 constitute	 a	 real	




















Vitamin	D	 is	a	steroid	prohormone	 found	 in	 the	human	body	 in	 two	main	 forms:	
vitamin	D3	(cholecalciferol)	is	synthesized	from	7-dehydrocholesterol	as	precursor	
in	 human	 skin	 through	 a	 process	 initiated	 by	 sun	 exposure;	 vitamin	 D2	
(ergocalciferol)	 is	 obtained	 from	 the	 diet	 or	 as	 a	 supplement	 [1].	 Vitamin	 D	 is	
involved	 in	 a	wide	number	of	 biological	 functions	 and	 its	 receptors	 are	 found	 in	
different	 tissues	 (bones,	 intestine,	 kidney,	 etc.)	 [2].	 Focused	 on	 vitamin	 D3,	 this	
vitamin	 is	 converted	 in	 the	 liver	 by	 a	 25-hydroxylation	 process	 to	 form	 25-
hydroxyvitamin	D3	[25(OH)D3],	the	major	circulating	form	and	principal	regulator	
of	calcium	and	phosphorus	homeostasis	[3].	25(OH)D3	is	metabolized	in	the	kidney	
and	extra	 renal	 sites	 into	1,25-dihydroxyvitamin	D3	 [1,25(OH)2D3],	known	as	 the	
active	form,	and	24,25-dihydroxyvitamin	D3	[24,25(OH)2D3],	which	is	identified	as	
one	of	the	first	metabolites	found	in	the	excretion	of	vitamin	D	[1–3].	
More	 than	 1600	 studies	 have	 been	 developed	 during	 the	 past	 decade	 about	
vitamin	D	 and	 its	 connection	 to	 health.	More	 than	 a	 half	 showed	 that	 vitamin	D	




epidemiological	 studies	 [6].	 Nevertheless,	 strong	 anti-proliferative	 and	 cell	
differentiation-inducing	 activities	 have	 been	 recognized	 for	 1,25(OH)2D3,	 apart	
from	 its	 role	 in	 calcium	 homeostasis	 [9].	 Among	 vitamin	 D	 metabolites,	
1,25(OH)2D3	 has	 been	 preferentially	 used	 for	 in	 vitro	 experiments	 that	 have	
provided	 several	 evidences	 of	 potential	 action	 mechanisms	 for	 vitamin	 D	 in	







Recent	 studies	 on	 dihydroxyvitamin	 D	 metabolites,	 1,25(OH)2D3	 and	
24,25(OH)2D3,	have	shown	the	need	for	a	complete	profile	of	these	compounds	to	
estimate	 the	 vitamin	 D	 status	 in	 each	 individual.	 For	 this	 purpose,	 different	
quantitative	methods	 for	 analysis	 of	 vitamin	D	metabolites	have	been	published,	
with	 special	 predominance	 of	 those	 based	 on	 immunoassay	 and	 LC–MS/MS	
[11,12,13].	 Nevertheless,	 LC–MS/MS	 is	 considered	 the	 gold	 standard	 due	 to	 its	
high	sensitivity	(ng/mL	and	pg/mL)	and	selectivity,	which	can	be	clearly	improved	
by	 the	 use	 of	 chemically	 labeled	 isotopic	 standards.	 On	 the	 other	 hand,	
immunoassay	 methods	 suffer	 frequently	 from	 cross-reactivity	 effects	 that	 alter	
absolute	quantification.		
The	 stability	 of	 these	 analytes	 in	 clinical	 samples,	 with	 special	 emphasis	 on	
serum/plasma,	is	a	key	aspect	for	a	reliable	assessment	of	the	quantitative	results	
in	 epidemiological	 studies.	 The	 behavior	 of	 the	 target	 analytes	 from	 blood	
extraction	 to	 determination	 of	 vitamin	 D	 and	metabolites	 has	 a	 huge	 relevance,	
considering	their	low	concentration	in	the	human	body	(ng/mL	or	pg/mL	levels).	
Additionally,	 there	 are	 factors	 such	 as	 the	 periodical	 season	 that	 affects	
significantly	 to	 the	 concentration	 of	 vitamin	 D	 and	 metabolites.	 The	 stability	 of	
vitamin	D	metabolites	in	serum	has	been	insufficiently	studied	so	far.	In	fact,	only	
the	 stability	 of	 25(OH)D3	 has	 been	 matter	 of	 study	 [2,14–18],	 while	 the	 rest	 of	
metabolites	 have	 been	 ignored.	 In	 addition,	 the	 stability	 studies	 dealing	 with	





at	 –20	 ºC	 or	 at	 –80	 ºC,	 and	 lyophilization)	 were	 tested	 for	 two	 months.	 The	









(Sigma–Aldrich,	 St.	 Louis,	 MO,	 USA)	 and	 acetonitrile	 (ACN),	 formic	 acid	 and	
methanol	 from	 Scharlab	 (Barcelona,	 Spain)	 were	 used	 for	 preparation	 of	
chromatographic	mobile	phases	and	for	sample	preparation.	
Vitamin	 D3,	 the	 monohydroxymetabolite	 25(OH)D3,	 and	 dihydroxymetabolites	
1,25(OH)2D3	and	24,25(OH)2D3	were	from	Sigma–Aldrich.	Stable	isotopic	standard	
24,25(OH)2D3-d6	was	provided	by	A.	Mouriño	(Department	of	Organic	Chemistry,	
Faculty	of	Chemistry,	University	of	 Santiago,	 Santiago	de	Compostela,	 Spain)	and	
M.	 A.	 Maestro	 (Department	 of	 Fundamental	 Chemistry.	 Faculty	 of	 Sciences,	
University	 of	 La	 Coruña,	 La	 Coruña,	 Spain),	 while	 1,25(OH)2D3-d6,	25(OH)2D3-d3,	
and	 vitamin	D3-d3	were	 from	 Sigma–Aldrich.	 Individual	 standard	 solutions	were	
prepared	 by	 dissolving	 1	 mg	 of	 each	 analyte	 or	 isotopic	 standard	 in	 10	 mL	 of	
methanol.	 One	 multistandard	 working	 solution	 was	 prepared	 with	 the	 target	
analytes	 at	 different	 concentrations:	 100	 ng/mL	 for	 1,25(OH)2D3,	 1	 µg/mL	 for	
24,25(OH)2D3,	 5	 µg/mL	 for	 25(OH)D3,	 and	 10	 µg/mL	 for	 vitamin	 D3.	 These	
concentrations	 were	 selected	 according	 the	 typical	 physiological	 levels	 found	 in	














6410	 QQQ	 mass	 spectrometer.	 The	 data	 were	 processed	 using	 MassHunter	
Workstation	 Software	 (V-B.05)	 for	 qualitative	 and	 quantitative	 analysis.	
Hyphenated	 SPE	was	performed	by	 a	 Symbiosis	 system	 (Spark	Holland,	 Emmen,	
The	 Netherlands).	 This	 commercial	 equipment	 comprises	 a	 unit	 for	 automatic	
cartridge	 exchange	 (ACE),	 two	 high-pressure	 syringe	 dispensers	 (HPDs)	 for	 SPE	




for	mixing	 the	 serum	sample	and	 loading	 solution.	For	SPE,	10×2	mm	cartridges	
packed	 with	 Hysphere	 C8	 (Spark	 Holland)	 as	 sorbent	 material	 were	 used.	 The	





for	 this	 assistance	 study	 involving	 quantitation	 of	 vitamin	 D	 and	 its	 main	
metabolites.	 Venous	 blood	 was	 collected	 into	 plastic	 serum	 Vacutainer®	 tubes	
(Becton	 Dickinson)	 with	 spray-coated	 silica	 and	 a	 polymer	 gel	 to	 favor	 serum	
separation.	All	collection	tubes	were	immediately	processed	by	centrifugation	for	
15	min	 at	 2000×g	 for	 gel	 tubes.	 A	 serum	 pool	was	 prepared	 by	mixing	 aliquots	
from	blood	donors.		
All	steps	from	blood	extraction	to	analysis	were	performed	in	compliance	with	the	
guidelines	 dictated	 by	 the	 World	 Medical	 Association	 Declaration	 of	 Helsinki	
















dryer	 (Telstar-LyoQuest,	 Telstar,	 Terrasa,	 Spain)	 to	 constant	weight,	 then	 stored	
for	1	and	2	months	at	room	temperature.	
2.5.	Protocol	for	analysis	of	vitamin	D3	and	metabolites	
The	 method	 for	 analysis	 of	 vitamin	 D3	 and	 its	 main	 metabolites	 —25(OH)D3,	
24,25(OH)2D3	 and	 1,25(OH)2D3—	 was	 that	 proposed	 in	 previous	 publications	
[19,20].	The	protocol	is	based	on	an	SPE–LC–MS/MS	approach	with	direct	analysis	
of	 serum	 without	 previous	 protein	 precipitation.	 This	 protocol	 is	 detailed	 as	
Supplementary	 Material.	 The	 instrumental	 arrangement	 used	 for	 analysis	 of	
vitamin	 D	 is	 included	 as	 Supplementary	 Fig.	 1,	 while	 the	 sequence	 of	 automatic	
operations	followed	in	the	protocol	is	listed	in	Supplementary	Table	1.	












































and	 that	 of	 the	 corresponding	 isotopic	 standard.	 Calibration	 models	 were	
developed	 for	 each	 analyte	 using	 aliquots	 of	 the	 serum	 pool	 spiked	 at	 different	
concentrations	 with	 the	 multistandard	 solution	 of	 the	 target	 analytes	 and	 with	














3.1.	 Influence	 of	 storage	 conditions	 on	 the	 concentration	 of	 vitamin	 D	
metabolites	
The	stability	study	was	carried	out	by	taking	as	reference	the	concentrations	of	the	
analytes	 determined	 in	 the	 serum	 aliquots	 (n=5)	 immediately	 after	 preparation	
(day	 0).	 The	 concentration	 of	 each	 analyte	 in	 the	 serum	 pool	 with	 standard	
deviation	is	 listed	in	Table	2.	For	statistical	analysis,	the	between-days	variability	
was	 selected	 as	 cut-off	 value	 with	 a	 95%	 confidence	 level	 (p-value=0.05).	 This	
variability	was	 in	 all	 cases	 lower	 than	 the	 25%,	 error	 limit	 imposed	 by	 external	
evaluation	 programs	 such	 as	 the	 Vitamin	 D	 External	 Quality	 Assurance	 Scheme	
(DEQAS),	which	is	targeted	at	vitamin	D	metabolites,	25(OH)D3	and	1,25(OH)2D3.	If	








Vitamin	D3	(ng	mL–1) 21 ±0.8 	
	
The	 storage	 time	 played	 a	 relevant	 role	 in	 the	 determination	 of	 vitamin	 D3	 and	
significant	differences	were	observed	after	5	days	at	room	temperature	and	after	
10	days	under	cooling	in	the	refrigerator	or	freezer.	The	circulating	25(OH)D3	form	









(A),	 vitamin	 D3	 (B),	 1,25-dihydroxyvitamin	 D3	 (C)	 and	 24,25-dihydroxyvitamin	 D3	 (D)	
versus	storage	time.	
	
A	 slight	 increasing	 in	 concentration	 was	 observed	 when	 the	 samples	 were	
refrigerated	or	 frozen	during	 the	 first	days	 since	sampling,	but	 this	variation	did	
not	result	significant	at	statistical	level.	Therefore,	the	circulating	form	was	stable	
for	 two	months	 independently	 of	 the	 storage	 temperature.	 This	 fact	 ensures	 the	
stability	of	25(OH)D3,	which	is	the	main	determined	metabolite	to	assess	the	status	
of	vitamin	D3	in	clinical	trials.	As	Figure	1.B	shows,	the	concentration	of	vitamin	D3	
experienced	 in	 general	 a	 significant	 decrease	 when	 the	 storage	 time	 increased.	
This	 significant	 decrease	 was	 firstly	 detected	 at	 room	 temperature,	 but	 the	
refrigerator/freezer	did	not	avoid	the	decrease	of	the	concentration.	However,	this	
is	not	a	limitation	for	interpretation	of	vitamin	D3	metabolic	status	since	vitamin	D3	







reveals	 that	 it	 is	 possible	 to	 store	 serum	 in	 a	 freezer	 for	 two	 months	 without	
significant	 (p<0.05)	 concentration	 losses.	 A	 similar	 behavior	 was	 observed	 for	
serum	stored	in	the	refrigerator,	but	the	aliquot	analyzed	after	two	months	led	to	
significant	concentrations	decreases	as	compared	to	the	initial	level.	On	the	other	
hand,	 the	 experiment	 based	 on	 room	 temperature	 storage	 led	 to	 concentration	
variations	at	3rd	day	(p<0.05)	as	compared	to	levels	found	at	day	0.	The	low	serum	
levels	 at	 which	 this	 metabolite	 is	 detected	 in	 human	 serum	 (pg/mL)	 justify	 the	
control	 of	 sample	 storage	 to	 avoid	 variations	 in	 the	 reported	 concentrations.	 In	
fact,	 this	 instability	could	be	one	of	the	reasons	why	this	metabolite	 is	 frequently	
undetected	in	serum	or	plasma.	
The	determination	 of	 24,25(OH)2	vitamin	D3	is	 gaining	 clinical	 interest	 due	 to	 its	




trend	 in	 the	 concentration	 level	 of	 this	 dihydroxymetabolite	was	 observed,	with	





pool	stored	 in	 the	 freezer	at	 two	different	 temperatures	(–20	 ºC	and	–80	 ºC)	was	
carried	out.	Figure	2	shows	the	alterations	experienced	by	each	metabolite,	taking	
also	 as	 reference	 the	 levels	 found	 at	 day	 0.	 As	 can	 be	 seen,	 vitamin	 D3	 and	
25(OH)D3	 did	 not	 experience	 significant	 quantitative	 alterations	 after	 five	











for	 all	 analytes,	 except	 for	 1,25-dihydroxyvitamin	 D3,	 for	 which	 the	 concentration	 is	
expressed	as	pmol/L.	
	
Concerning	 the	 other	 two	 metabolites,	 the	 concentration	 of	 24,25(OH)2D3	 and	
1,25(OH)2D3	significantly	decreased	after	the	third	thaw	cycle	in	aliquots	stored	at	
the	 two	 temperatures.	 Additionally,	 the	 decrease	 in	 concentration	 was	 more	







major	 proteins,	 which	may	 interfere	 with	 the	 analytical	 methods.	 This	 turbidity	
increases	with	 the	number	of	 freeze/thaw	cycles	because	of	 the	 accumulation	of	
these	aggregates	at	the	bottom	of	the	sample	tubes	[22].	These	interferents	affect	
in	 higher	 extent	 to	 the	 two	 dihydroxymetabolites,	 which	 are	 the	 two	 analytes	
eluted	 at	 shorter	 times.	 Therefore,	 the	 interferents	 accumulated	 by	 freeze/thaw	
cycles	 are	 injected	 in	 the	 SPE	 cartridge	 and	 coeluted	 along	 the	 first	 part	 of	 the	
chromatographic	gradient.		
According	 to	 these	 results,	 the	 recommended	 practice	 would	 be	 to	 limit	 the	
number	 of	 freeze/thaw	 cycles	 to	 two,	 if	 the	 target	 analytes	 are	 the	 two	
dihydroxymetabolites;	 whereas	 25(OH)D3	 and	 vitamin	 D3	 would	 be	 accurately	
determined	after	five	cycles	without	any	significant	effect.	
3.3.	Sample	lyophilization	as	an	alternative	for	sample	storage	




for	 the	 same	 period	 evaluated	 in	 the	 temperature	 study.	 For	 this	 purpose,	
lyophilized	 aliquots	 of	 serum	 were	 stored	 at	 room	 temperature	 for	 1	 and	 2	
months,	 after	 which	 the	 target	 analytes	 were	 analyzed	 and	 the	 found	
concentrations	were	compared	with	those	found	at	day	0.	The	results	of	this	study	
are	presented	in	Figure	3,	which	clearly	shows	that	25(OH)D3	did	not	experience	
significant	 changes	 (p<0.05)	 in	 concentration	 after	 one	 or	 two	 months	 at	 room	
temperature.	 This	 result	 support	 the	 stability	 of	 this	 metabolite	 since	 its	
physiological	 level	was	 not	 affected	 by	 the	 storage	 temperature	 for	 two	months,	
and	 this	 behavior	was	 kept	when	 samples	were	 lyophilized	 and	 stored	 at	 room	


















was	 carried	 after	 one	 month.	 Despite	 vitamin	 D3	 was	 less	 stable	 than	 its	
metabolites,	 lyophilization	 can	 be	 proposed	 as	 an	 alternative	 to	 preserve	 its	
concentration	 in	 serum	 at	 least	 for	 one	 month.	 On	 the	 other	 hand,	 the	 three	
monitored	 vitamin	 D3	 metabolites	 resulted	 stable	 for	 quantitative	 analysis	 in	






stability	 of	 vitamin	 D3	 metabolites	 at	 room	 temperature,	 considering	 that	 the	
determination	of	 these	 compounds	 suffered	 from	significant	variations	when	 the	
aliquots	were	not	frozen	
4.	Conclusions	
Vitamin	 D	 is	 one	 of	 the	 most	 studied	 vitamins	 in	 human	 body	 due	 to	 its	
involvement	 in	 several	 functions.	 Despite	 this	 consideration,	 the	 stability	 of	
vitamin	D3	metabolites	had	not	been	previously	evaluated.	Thus,	the	application	of	
a	correct	strategy	 for	sample	storage	would	 lead	 to	more	confident	results	and	a	
reduction	of	errors	associated	to	sample	alteration.	
The	 recommendations	 in	 this	 paper	 can	 be	 followed	 for	 the	measurement	 of	 all	
vitamin	D3	metabolites	in	clinical	studies,	where	sensitivity	is	a	critical	parameter.	
This	 study	 reports	 that	 vitamin	 D3	metabolites	 are	 stable	 for	 two	months	 when	
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deuterated	working	solution	—giving	 the	 following	 final	concentrations:	25,	25,	5	and	0.3	
ng/mL	of	vitamin	D3-d3,	25(OH)D3-d3,	24,25(OH)2D3-d6	and	1,25(OH)2D3-d6,	respectively—,	






Supplementary	 Fig.	 1.	Scheme	of	 the	SPE–LC–MS/MS	instrumental	configuration	used	 in	
the	proposed	method.	
	
Then,	 the	 serum	 sample	 followed	 the	 sequence	 of	 automatic	 operations	 described	 in	
Supplementary	Table	1.	 Shortly,	 the	protocol	 starts	 by	 activation	of	 the	 SPE	 sorbent	with	
methanol,	 followed	by	 a	 conditioning	 and	 equilibration	 step	with	 25:75	 (v/v)	ACN–water	








and	 putting	 the	 cartridge	 into	 contact	 with	 the	 initial	 mobile	 phase,	 which	 also	 acts	 as	
eluent.	Elution	of	the	target	analytes	takes	5	min	(longer	elution	times	favor	elution	of	non-
polar	 interferents,	 which	 remain	 retained	 in	 the	 sorbent	 within	 the	 selected	 interval).	
	
Supplementary	Table	1.	Steps	programmed	in	the	serum	SPE	protocol.	
Step Flow	rate	(mL/min) Volume	(mL) Solvent Comment
New	cartridge
Start	autosampler Load	sample
Solvation	1 10 2 Methanol
Solvation	2 5 4 Methanol
Equilibration 3 4 25%	ACN–0.7%F
Equilibration 3 4 25%	ACN–0.7%F
Sample	application 3 4 25%	ACN–0.7%F
Wash	cartridge 3 0.5 30%	ACN
Elution Mobile	phase 5	min
Purge	1 5 5 Methanol
Purge	2 5 5 30%	ACN
Purge	3 5 5 Water
Purge	4 5 5 30%	ACN
Purge	5 5 5 Water 	
	
2.	LC–MS/MS	analysis	
The	 initial	 chromatographic	mobile	 phase	 was	 5	mM	 ammonium	 formate	 in	 85:15	 (v/v)	
methanol–water	 at	 a	 flow	 rate	 of	 0.5	mL/min.	 The	 temperature	 of	 the	 analytical	 column	
compartment	 was	 set	 at	 15	 ºC.	 At	min	 2,	 a	 linear	 gradient	 was	 programmed	 to	 obtain	 a	
100%	5	mM	ammonium	formate	in	methanol	at	min	5.	The	final	gradient	conditions	were	
maintained	 for	 10	 min	 until	 the	 end	 of	 the	 chromatographic	 separation	 step.	 The	 total	




flow	 and	 temperature	 of	 the	 drying	 gas	 (N2)	were	 9	 L/min	 and	 350	 ºC,	 respectively.	 The	





















Esta	 Sección	 3	 de	 la	 Memoria	 es	 una	 prueba	 irrefutable	 del	 excelente	 fun-
cionamiento	 del	 método	 desarrollado,	 validado	 por	 los	 resultados	 que	 ha	 pro-
porcionado	en	su	aplicación	masiva.	




relaciones	 entre	 concentraciones	 de	 los	 metabolitos	 que	 a	 su	 vez	 establecen	
relaciones	con	factores	externos,	tales	como	los	antropométricos	y	los	geográficos.	
El	 Capítulo	 6	 es	 una	 compilación	 de	 los	 datos	 que	 se	 obtuvieron	 en	 los	 análisis	
realizados	 para	 diferentes	 centros	 de	 investigación	 y	 que	 se	 han	 utilizado	 para	
demostrar	 las	hipótesis	que	propusieron	en	 los	 correspondientes	proyectos	para	
cuyo	 desarrollo	 recibieron	 la	 correspondiente	 subvención.	 Se	 han	 publicado	
artículos	 científicos	 basados	 en	 los	 resultados	 obtenidos	 tras	 el	 tratamiento	 de	
parte	de	los	datos	de	los	análisis	realizados	(ver	Anexo	II),	mientras	otra	parte	de	














Section	 III	 is	 the	 irrefutable	 proof	 of	 the	 excellent	 performance	 of	 the	 proposed	
method,	assessed	by	the	results	it	has	provided	from	the	massive	application.	
Thus,	 Chapter	 5	 encompasses	 the	 study	 to	 determine	 the	 complete	 vitamin	 D	
profile	in	a	wide	cohort	composed	by	558	controls	from	an	MCC–Spain	study.	In	it,	
the	 data	 of	 the	 analysis	 of	 vitamin	 D	 and	 its	 metabolites	 have	 been	 treated	 to	
establish	 the	 ratios	 in	 healthy	 women	 that	 provided	 relationships	 between	
concentrations	 and	 external	 factors,	 mainly	 anthropometric	 or	 geographical	
factors.		
Chapter	 6	 is	 a	 compilation	 of	 the	 data	 from	 the	 analyses	 developed	 for	 different	
research	 centres	 and	 used	 to	 demonstrate	 their	 hypothesis	 as	 proposed	 in	 their	
projects.	Scientific	articles	based	on	the	results	obtained	by	handling	the	data	from	
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The	 elucidated	 metabolism	 of	 vitamin	 D3	 in	 humans	 has	 been	 the	 support	 to	
explain	the	high	involvement	of	this	liposoluble	vitamin	in	physiological	functions.	
Additionally,	a	wide	diversity	of	clinical	 studies	have	associated	 levels	of	vitamin	
D3	 metabolites	 with	 several	 disorders.	 Despite	 this	 knowledge,	 there	 are	 some	
pending	 issues	 related	 to	 vitamin	 D3	 metabolism;	 the	 main	 of	 them	 is	 the	
controversy	 on	 physiological	 and	 pathological	 levels	 of	 its	 metabolites.	 The	
association	between	 serum	concentrations	of	 vitamin	D3	 and	 its	metabolites	 and	









558	women	were	 recruited	and	 interviewed	 in	 several	 Spanish	provinces	before	
blood	sampling.	Serum	vitamin	D3	and	 its	metabolites	were	determined	using	an	
SPE–LC–MS/MS	 platform.	 The	 concentration	 range	 for	 vitamin	 D3	 was	 1.7–12.2	
nmol/L,	and	it	was	influenced	by	body	mass	index	(BMI),	waist-to-hip	ratio	(WHR)		
and	 season.	 25-hydroxyvitamin	 D3	levels	 were	within	4.8–79.8	 nmol/L	 and	were	
related	 to	 WHR,	 season	 and	 latitude.	 The	 range	 of	 24,25-dihydroxyvitamin	 D3,	
which	was	between	0.3–8.5	nmol/L,	was	associated	to	WHR,	season,	 latitude	and	




















Vitamin	D	 is	known	as	a	 “prohormone”	 that	has	been	associated	 to	 several	body	
functions	 in	 numerous	 clinical	 studies	 [1],	 and	 its	 metabolism	 is	 well-known.	
Vitamin	 D3	 (cholecalciferol)	 is	 synthesized	 in	 the	 skin	 from	 pre-vitamin	 D	 (7-
dehydrocholesterol)	by	exposure	to	UV	radiation.	Then,	vitamin	D3	is	hydroxylated	
in	 the	 liver	 producing	 the	 circulating	 form	 25-hydroxyvitamin	 D3	 (25(OH)D3),	
known	as	calcidiol,	which	is	the	metabolite	more	frequently	determined	in	clinical	
studies.	 Calcidiol	 is	 subjected	 to	 a	 second	 hydroxylation	 in	 the	 kidney	 and	 extra	
renal	sites	to	produce	calcitriol,	1,25-dihydroxyvitamin	D3	[1,25(OH)2D3],	the	fully	
active	 form	of	vitamin	D3	 [2,3].	The	production	of	1,25(OH)2D3	seems	 to	 regulate	
the	 metabolism	 of	 vitamin	 D3;	 thus,	 when	 the	 organism	 detects	 enough	
concentration	 of	 calcitriol,	 calcidiol	 is	 transformed	 in	 the	 kidney	 into	
24,25(OH)2D3,	one	of	the	major	catabolism	products	of	25(OH)D	[4–6].	Despite	its	
clinical	 relevance,	 the	 determination	 of	 vitamin	 D	 metabolites	 to	 provide	 a	
complete	 snapshot	 of	 vitamin	 D	 status	 constitutes	 a	 challenge	 owing	 to	 their	
hydrophobic	nature,	thermal	and	UV-light	instability	and	similar	structure	[7].		
Most	epidemiological	studies	on	vitamin	D	developed	during	the	last	decade	have	
been	 exclusively	 devoted	 to	 the	 determination	 of	 25(OH)D3,	 which	 has	 been	
associated	 to	 chronic	 disorders	 such	 as	 diabetes	 [8],	 multiple	 sclerosis	 [9],	
cardiovascular	 diseases	 [10],	 asthma	 [11],	 several	 types	 of	 cancer	 —colorectal,	
breast	or	prostate	cancer	[12]—,	Parkinson’s	disease	[13]	and	cystic	fibrosis	[14].	
The	 main	 reason	 to	 justify	 selection	 of	 25(OH)D3	 as	 the	 target	 vitamin	 D3	
biomarker,	despite	 it	 is	not	 the	active	 form	of	vitamin	D,	 is	 related	 to	 the	 lack	of	
selective	 and	 sensitive	 methods	 for	 determination	 of	 dihydroxymetabolites	 [3].	
Immunoassay	 based	 methods	 are	 affected	 by	 cross-reactivity	 with	 the	 rest	 of	
metabolites,	 which	 frequently	 provide	 inaccurate	 results	 [15];	 while	 mass-
spectrometry	methods	have	achieved	low	detection	and	quantitation	limits	for	the	
active	 metabolite,	 1,25(OH)2D3	 (pmol/L)	 [16].	 Furthermore,	 standard	 reference	







Despite	 the	 recent	 advances	 in	 the	 determination	 of	 vitamin	D3	metabolites,	 the	
physiological	levels	of	them	in	human	serum	are	still	controversial,	and	there	is	no	






and	 its	 metabolites	 in	 healthy	 individuals,	 Poongkodi	 et	 al.	 reported	 vitamin	 D3	
values	 in	 human	 adults	 within	 the	 18–150	 nmol/L	 range	 [19];	 Baecher	 et	 al.	
analyzed	50	serum	samples	 from	healthy	 individuals	 to	report	8–165	nmol/L	for	





metabolites	 directly	 connected	 by	 a	 substrate/product	 relationship	 [22].	 These	
ratios	 can	 provide	 information	 about	 enzymatic	 activity	 and	 could	 be	 useful	 to	
report	a	better	view	of	vitamin	D	status.		












MCC-Spain	 is	 a	 population-based	 multicase-control	 study	 involving	 different	
geographical	 areas	 in	 Spain	 to	 identify	 environmental	 factors	 related	 to	 the	
incidence	 of	 malignant	 tumours	 (http://www.mccspain.org).	 The	 design	 of	 the	
study	was	already	described	by	Castano-Vinyals	et	al.	[23].	Briefly,	between	2008-
2009,	 more	 than	 ten	 thousand	 persons	 aged	 20-85	 years	 were	 interviewed	 by	
trained	 personnel	 using	 a	 computer-assisted	 program,	 gathering	 information	 on	
sociodemographic,	 life-style,	 reproductive	history,	 hormonal	 factors,	medications	
and	personal	 and	 family	medical	history.	The	 study	was	 approved	by	 the	 ethical	
committees	 of	 the	 participating	 institutions	 and	 all	 participants	 signed	 an	
informed	consent	for	sampling.	
This	study	was	focused	on	a	sub-cohort	of	the	MCC-Spain’s	control	group	(n=558	









<720 126 <1385 126 214
720-895 126 1385-1700 126 76
896-1126 126 1701-2070 126 78
>1126 126 >2070 126
No	information 54 No	information 54
Age	and	anthropometrics	factors
Age	at	first	birth	(years) BMI	(kg/m2)* WHR	(cm)**
24-47 135 underweight 0.00-0.77 140
Temporal/spatial	factors
48-55 131 normal	wight 0.78-0.83 150
56-64 134 overweight 0.84-0.88 134
65-85 148 obesity 0.89-1.04 134
Season Geographical	Region
Spring 217 43N 214
Menopausal	status Physical	activity***
Summer 74 42N 166
Fall 109 41N 50

















The	 method	 used	 for	 determination	 of	 vitamin	 D3	 and	 its	 metabolites	 was	
developed	beforehand	[24].	An	automatic	solid-phase	extraction	(SPE)	unit	on-line	
connected	 to	 a	 liquid	 chromatograph–tandem	 mass	 spectrometer	 arrangement	
(SPE–LC–MS/MS)	 was	 used.	 200	 µL	 of	 filtered	 serum	 spiked	 with	 deuterated	
standards	 of	 each	 metabolite	 was	 prepared	 for	 the	 complete	 process:	 sample	
preparation	 by	 SPE	 followed	 by	 liquid	 chromatography	 separation	 with	 a	 C18	
column	 and	 detection	 by	 multiple	 reaction	 monitoring	 (MRM)	 using	 a	 triple	
quadrupole	mass	detector.	Supplementary	Information	describes	the	sequence	of	
operations	 for	 analysis	 and	 includes	 information	 about	 parameters	 for	
quantitative	determination.	Calibration	 curves	 for	quantitation	were	obtained	by	
using	 the	 ratio	 between	 the	 area	 of	 the	 chromatographic	 peak	 from	 each	
metabolite	and	its	deuterated	standard.	
2.3.	Statistical	analysis	




variance	 (ANOVA)	 for	 categorical	 factors	 and	 Pearson	 correlation	 analysis	 for	
continuous	 variables.	 Both	 tests	were	 performed	 using	 STATGRAPICS	 Centurion	




The	 results	obtained	 from	 the	analysis	of	 vitamin	D3	and	 its	main	metabolites	 in	





concentrated	metabolite	was	 the	 circulating	 form	 of	 vitamin	 D3,	 calcidiol,	 which	
was	detected	at	an	average	concentration	of	47.3	nmol/L	(4.8–79.8	nmol/L).	This	
result	 is	 in	 agreement	 with	 previously	 reported	 serum	 levels	 for	 calcidiol	 in	
healthy	individuals:	8–165	nmol/L	[20].	This	metabolite	was	almost	7	times	more	
concentrated	than	its	precursor,	cholecalciferol,	whose	average	concentration	was	
7.3	 nmol/L	 (1.7–12.2	 nmol/L).	 These	 values	 were	 below	 those	 provided	 by	
Poongkodi	 et	 al.,	 who	 reported	 a	 range	 for	 normal	 individuals	 from	 18	 to	 150	
nmol/L	[19].	
	
Table	 2.	 Vitamin	 D	 and	 its	 metabolites	 results	 obtained	 in	 the	 samples	 studied	 after	
eliminating	outliers.	
Analytes Mean SD Min. Max.
Vit	D3	(nmol/L) 7.3 2.1 1.7 12.2
25(OH)D3	(nmol/L) 47.3 15.4 4.8 79.8
24,25(OH)2D3	(nmol/L) 3.7 1.8 0.3 8.5
1,25(OH)2D3	(pmol/L) 113.1 18.5 43.2 148.5
Rates Mean SD Min. Max.
25(OH)D3	/	Vit	D3 6.8 2.3 0.5 13.1
24,25(OH)2D3		/ 	25(OH)D3 0.08 0.02 0.02 0.14
1,25(OH)2D3	/	25(OH)D3 2.7x10-3 1.3x10-3 0.4x10-3 6.3x10-3
24,25(OH)2D3		/ 	1,25(OH)2D3 33.5 17.7 2.6 81.1 	
*SD	=Standard	desviation	
	
Concerning	 the	 dihydroxymetabolites,	 the	 active	 form,	 1,25(OH)2D3,	 provided	 an	





Figure	1	shows	 the	distribution	of	 concentrations	of	 the	different	analytes	 in	 the	





Gaussian	distribution.	On	 the	 other	 hand,	 the	 distributions	 for	 24,25(OH)2D3	and	
1,25(OH)2D3	were	skewed	right	and	left,	respectively.	
Table	 2	 also	 shows	 the	 ratio	 values	 between	 pairs	 of	 analytes.	 Thus,	 the	 ratio	
25(OH)D3/D3	 resulted	 in	 6.8±2.3,	 indicative	 of	 the	 enzymatic	 activity	 of	 25-
hydroxylase	in	the	first	hydroxylation	step.	The	conversion	rate	for	production	of	
the	 two	 dihydroxymetabolites	 was	 expressed	 by	 estimation	 of	 the	
24,25(OH)2D3/25(OH)D3	and	1,25(OH)2D3/25(OH)D3	ratios,	which	were	0.08±0.02	
and	 0.0027±0.0013,	 respectively.	 According	 to	 these	 results,	 the	 enzymatic	














Vitamin	 D3	 metabolism	 has	 been	 associated	 in	 this	 research	 to	 age	 and	
anthropometric	 factors	—BMI	and	WHR—	by	application	of	 an	ANOVA	 test.	 The	
distribution	of	 individuals	 according	 to	 the	 three	 factors	 is	 listed	 in	Table	3	 that	
also	shows	the	analytes	with	a	significant	variation	associated	to	the	given	factors.	
As	 can	 be	 seen,	 there	 were	 not	 significant	 differences	 in	 the	 concentration	 of	
vitamin	D3	and	its	metabolites	with	age.		
	










24-47 135 7.4	±	3.4 45.8	±	20.6 112.3	±	22.3 3.6	±	2.8
48-55 131 7.7	±	3.2 48.7	±19.5 112.1	±	24.2 3.8	±	2.3
56-64 134 7.2	±	2.7 49.0	±	19.4 112.6	±	25.1 4.0	±	2.2
65-85 148 8.1	±	2.8 48.8	±	20.9 117.5	±	29.2 4.2	±	3.6









underweight 5 8.2	±	2.6 63.3	±	14.8 121.6	±	13.8 4.1	±	2.5
normal	wight 282 8.4	±	6.2 49.1	±19.8 116.4	±	29.6 4.4	±	2.9
overweight 192 7.0	±	2.5 47.8	±	18.9 111.8	±	23.0 4.0	±	3.4
obesity 79 6.2	±	2.5 49.3	±	22.4 109.4	±	28.2 3.1	±	2.0









0.00-0.77 140 8.5	±	3.5 49.8	±	21.1 110.3	±	22.7 4.1	±	3.5
0.78-0.83 150 7.6	±	2.7 50.7	±	21.3 114.4	±	22.7 4.3	±	2.8
0.84-0.88 134 7.8	±	8.2 47.0	±	17.4 116.8	±	20.1 3.9	±	2.4
0.89-1.04 134 6.5	±	2.3 44.2	±	18.9 113.5	±	22.9 3.4	±	2.1











0.0003)	 in	 individuals	 grouped	 in	 underweight	 (<18.5	 kg/m2),	 normal	 weight	










Figure	 2.	 Distribution	 of	 Vitamin	 D3	 concentrations	 for	 each	 class	 of	 BMI	 (underweight,	
normal	weight,	overweight	and	obesity).	
	
The	 WHR	 was	 a	 better	 parameter	 to	 explain	 the	 variability	 of	 vitamin	 D3	
metabolism	 since	 vitamin	 D3	 (p-value	 0.001)	 and	 two	 metabolites,	 particularly,	
25(OH)D3	 (p-value	 0.02)	 and	 24,25(OH)2D3	 (p-value	 0.04),	 reported	 significant	
differences	 according	 to	WHR.	 The	 three	 compounds	were	 characterized	 by	 the	
same	 trend,	 giving	 a	 decrease	 of	 their	 concentration	 when	 the	 WHR	 increased	
(Figure	3).		
The	 results	 provided	 by	 BMI	 and	 WHR	 suggest	 that	 obesity	 is	 associated	 with	
vitamin	D3	deficiency	through	a	decrease	of	metabolism.	Vitamin	D	 is	 liposoluble	
and,	 thus,	 it	 is	mainly	 stored	 in	 the	 adipose	 tissue	 that	 serves	 as	 an	 endogenous	

















BMI	 and	 WHR.	 The	 result	 could	 be	 justified	 because	 the	 production	 of	 this	
metabolite	takes	place	in	different	tissues	(bone,	placenta,	prostate,	keratinocytes,	
macrophages,	T-lymphocytes,	 dendritic	 cells,	 several	 and	 the	parathyroid	 gland),	










The	 influence	 of	 the	 seasonal	 period	 on	 vitamin	 D3	 levels	 was	 studied	 by	















Spring 217 7.2	±	2.5 44.5	±	19.3 113.8	±	22.0 3.3	±	2.1
Summer 74 8.2	±	3.4 54.8	±19.7 119.6	±	23.6 5.2	±	2.8
Fall 109 7.6	±	2.7 51.4	±	19.6 110.6	±	25.3 4.4	±	2.6
Winter 158 7.4	±	2.8 47.4	±	20.1 113.0	±	22.3 3.7	±	3.4









43N 214 7.0	±	3.6 48.9	±	19.9 112.0	±	21.7 3.8	±	2.4
42N 166 7.9	±	2.4 43.9	±18.0 116.4	±	21.0 3.7	±	2.3
41N 50 7.6	±	3.0 46.0	±	22.8 108.4	±	26.7 4.9	±	3.3
40N 128 8.5	±	2.1 52.5	±	20.3 116.3	±	24.4 3.7	±	3.6








The	 ANOVA	 test	 revealed	 that	 vitamin	 D3	 (p-value	 0.003),	 25(OH)D3	 (p-value	
0.0003)	and	24,25(OH)2D3,	(p-value	<0.0001)	provided	the	same	variability	trend,	
and	their	levels	decreased	by	following	the	sequence	summer>fall>winter>spring,	
as	 Figure	 4	 shows.	 This	 trend	 corroborates	 that	 the	 season	 is	 one	 of	 the	 main	
factors	 affecting	 vitamin	 D3	 serum	 levels,	 including	 its	metabolites.	 Additionally,	
the	results	reported	 in	summer	were	 logical	considering	that	 the	exposure	to	UV	
irradiation	is	clearly	higher	along	this	season.	However,	a	memory	effect	seems	to	










A	 spatial	 factor	 was	 defined	 according	 to	 the	 geographical	 origin	 of	 samples	 by	
considering	 four	 different	 latitudes	 in	 Spain:	 43N,	 42N,	 41N	 and	 40N,	which	 are	
shown	 in	 Figure	 5.	 Table	 4	 shows	 the	 distribution	 of	 samples	 according	 to	 this	
spatial	 factor	 and	 levels	 of	 vitamin	 D3	 and	 its	 metabolites	 in	 the	 samples	
corresponding	to	each	group.	The	ANOVA	test	pointed	out	that	the	concentrations	
of	25(OH)D3	(p-value	0.003)	 and	24,25(OH)2D3	(p-value	0.03)	 varied	 significantly	
as	a	function	of	the	latitude.	In	the	case	of	25(OH)D3	the	post-hoc	analysis	based	on	
the	 Tuckey	 test	 allowed	 identifying	 differences	 between	 latitudes	 40N	 and	 42N,	
and	 between	 42N	 and	 43N.	 As	 Figure	 5	 shows,	 women	 living	 in	 a	 latitude	 42N	












Figure	 5.	 Geographical	 latitudes	 studied,	 classification	 of	 the	 subject	 by	 latitude	 and	
distribution	of	concentration	for	A:	25(OH)D3	and	B:	24,25(OH)2D3.	
	
Higher	 levels	 found	 for	 25(OH)D3	 in	 latitudes	 40N	 and	 43N	 could	 be	 explained	
because	the	area	that	fits	latitude	40N	is	located	further	South	than	the	rest	of	the	
areas,	 and	 the	 area	 pertaining	 to	 latitude	 43N	 is	 a	 coastal	 area.	 Exposure	 to	 UV	
irradiation	should	be	higher	in	these	areas	as	compared	to	other	latitudes.	On	the	








As	 occurred	 with	 anthropometric	 factors,	 no	 association	 was	 found	 between	
season	and	latitude	with	levels	of	1,25(OH)2D3.	
3.4.	Influence	of	other	factors	on	the	levels	of	vitamin	D3	and	its	metabolites	
An	 additional	 study	 was	 executed	 to	 find	 the	 influence	 of	 other	 factors	 —viz.	
physical	activity	in	the	last	5	years	(metabolic	equivalent	(met)/week),	menopause	












Postmenopausal 200 7.5	±	2.8 49.1	±	19.5 113.0	±	23.1 4.1	±	2.8
Premenopausal 358 7.4	±	3.2 46.1	±	20.6 112.5	±	22.6 3.6	±	2.7









0 126 7.0	±	2.8 44.7	±	16.7 110.0	±	21.6 3.3	±	2.0
1 126 8.1	±	2.3 47.5	±21.9 114.7	±	20.3 4.0	±	2.6
2 126 7.4	±	2.9 49.9	±	19.1 115.4	±	23.2 4.2	±	3.6
3 126 8.2	±	3.6 50.5	±	20.6 114.0	±	24.2 4.1	±	3.6









0 126 7.3	±	2.9 48.1	±	21.1 110.6	±	20.9 3.8	±	2.5
1 126 7.8	±	2.2 46.3	±18.2 116.9	±	23.8 3.7	±	3.6
2 126 7.4	±	2.8 51.0	±	18.8 110.8	±	21.9 4.2	±	2.2
3 126 8.2	±	3.7 47.2	±	20.7 115.9	±	24.8 3.9	±	2.7










año) 214 7.2	±	2.8 46.4	±	19.9 112.6	±	24.2 3.6	±	2.5
<8	mets/sem	
(media	año) 76 7.5	±	3.8 49.1	±	18.6 112.4	±	24.0 4.0	±	2.4
8-15.9	mets/sem	
(media	año) 78 7.9	±	2.9 49.0	±	17.6 113.0	±	23.5 3.7	±	2.1
>=16	mets/sem	
(media	año) 190 8.0	±	2.5 49.1	±	21.3 115.8	±	28.2 4.3	±	3.4












After	 statistical	 evaluation	 by	 ANOVA	 test,	 only	 calcium	 and	 energy	 intake	





dihydroxymetabolites,	 24,25(OH)2D3,	 was	 significantly	 associated	 with	 calcium	
intake	(p-value	0.02).	The	post-hoc	test	allowed	identifying	significant	differences	
between	 group	 0	 (<720	 g/day)	 and	 groups	 1	 (720–895	 g/day),	 2	 (896–1126	
g/day)	 and	 3	 (>1126	 g/day).	 Thus,	 Figure	 6A	 illustrates	 the	 increased	 con-
centration	 of	 this	 metabolite	 with	 the	 increased	 intake	 of	 calcium,	 suggesting	 a	
correlation	effect	between	calcium	 levels	and	 the	 formation	of	24,25(OH)2D3,	 the	
main	 product	 of	 vitamin	D3	 catabolism.	 There	 are	 not	 published	 studies	 relating	
the	intake	of	calcium	to	the	levels	of	this	dihydroxymetabolite.	Nevertheless,	some	
studies	 have	 already	 suggested	 that	 calcium	 intake	 could	 influence	 25(OH)D3	
metabolic	 consumption	 [28–32],	 and	 also	 seems	 to	 increase	 the	 half-life	 of	







Concerning	 the	energy	 intake,	 the	analysis	 revealed	 significant	differences	of	 the	







value	 of	 0.03).	 Concretely,	 Figure	 6.B	 shows	 that	 the	 ratio	 increased	 with	 the	
energy	intake	up	to	2070	kcal,	while	higher	energy	intakes	led	to	a	decrease	of	this	




558	 control	 women	 to	 evaluate	 the	 incidence	 of	 several	 factors	 on	 vitamin	 D	
metabolism.	 The	 WHR	 factor	 especially	 affected	 the	 variability	 in	 the	 levels	 of	
vitamin	D3,	25(OH)D3	and	24,25(OH)2D3,	which	are	 involved	 in	 the	most	 favored	
pathway	in	terms	of	concentration.	A	similar	effect	was	observed	for	the	seasonal	
period	 of	 the	 year,	 which	 proves	 the	 variability	 of	 vitamin	 D3	 metabolism	
according	 to	 exposure	 to	 UV	 irradiation.	 Calcium	 and	 energy	 intake	 also	
contributed	to	explain	the	observed	differences	in	the	concentration	of	vitamin	D3	
and	metabolites.	Attending	to	these	results,	it	is	worth	considering	all	these	factors	
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in	 Chapters	 3	 and	 4	 for	 determination	 of	 vitamin	 D	 and	 its	 metabolites	 were	
applied	to	clinical	studies	coordinated	by	other	national	and	international	research	
centers.	 A	 total	 number	 of	 2890	 human	 serum	 samples	 were	 analyzed	 by	 the	
developed	 methods.	 This	 large	 amount	 of	 samples	 proves	 the	 suitability	 and	
robustness	 of	 the	 developed	 platforms.	 Furthermore,	 the	 reported	 results	 have	





external	 validation	 program	 for	 determination	 of	 vitamin	 D	 metabolites.	 This	
program,	vitamin	D	External	Quality	Assurance	Scheme	(DEQAS),	allows	validating	
analytical	methods	for	determination	of	total	25(OH)D3	and	total	1,25(OH)2D3.	 In	
the	 last	 three	 editions	 (2015/2016,	 2016/2017	 and	 2017/2018),	 the	 research	
group	obtained	 the	proficiency	certificate	 for	determination	of	25(OH)D3,	 since	a	
number	of	samples	above	75%	for	each	edition	reported	results	with	a	variability	
below	 25%	 as	 compared	 to	 the	 target	 value.	 The	 proficiency	 certificate	was	 not	
obtained	for	1,25(OH)2D3,	and	two	possible	reasons	can	explain	this	circumstance.	
Firstly,	 the	 reference	 concentration	 value	 for	 each	 sample	 is	 the	 All-Laboratory	
Trimmed	Mean	 (ALTM),	 which	 is	 less	 reliable	 than	 the	 25(OH)D3	 concentration	
certified	 by	 the	NIST	 for	 each	 external	 sample.	 Additionally,	 DEQAS	 samples	 are	
sent	without	refrigerated	conditions	for	transport	and,	as	described	in	Chapter	4,	








of	 vitamin	 D	 metabolism	 in	 different	 clinical	 studies	 carried	 out	 along	 the	
development	of	this	Thesis.	The	demands	gave	place	to	research	contracts	with	the	
corresponding	 institution	 and,	 in	 some	 cases,	 collaborations	were	 set	 to	prepare	
publications	 based	 on	 the	 obtained	 results.	 In	 all	 cases	 the	 principal	 aim	 of	 the	




A	 collaboration	was	 established	with	 Dr.	 Dalla	 Costa	 from	 Inflammatory	 Central	
Nervous	System	Disorders	Unit	of	Ospedale	San	Raffaele	 (Milan,	 Italy).	The	main	
aim	of	 this	 research	was	 to	determine	 the	 levels	of	vitamin	D	and	metabolites	 in	
patients	with	clinically	isolated	syndromes	and	to	associate	this	with	the	risk	from	
multiple	 sclerosis.	 For	 this	 purpose,	 two	 batches	 of	 samples	were	 analyzed	with	
the	two	different	methods.	
The	 first	 batch	 was	 constituted	 by	 114	 serum	 samples	 from	 Italian	 patients	
diagnosed	with	 clinical	 isolated	 syndrome	 (CIS)	 and	 treated	 in	 the	Ospedale	 San	
Raffaele	 between	 2000	 and	 2012.	 This	 batch	 of	 samples	 was	 analyzed	 with	 the	
platform	described	in	Chapter	2	(SPE–2DLC–MS/MS);	therefore,	vitamin	D3	and	its	
metabolites	were	 determined,	with	 discrimination	 of	 the	 C3-epi-25(OH)D3	 form.	
The	results	obtained	from	this	batch	are	listed	in	Table	1.	
These	 results	 were	 presented	 in	 the	 European	 Academy	 of	 Neurology	 Congress	
held	in	Copenhagen,	2016	[2].	The	principal	conclusion	of	this	first	study	was	that	









levels	 of	 25(OH)D3,	 two	 clusters	 were	 identified,	 where	 the	 cluster	 with	 a	













1 114 5.5	±	5.1 29.6	±	12.9 0.8	±	0.7 2.3	±	1.3 107.6	±	19.2




the	 platform	 described	 in	 Chapter	 1.	 Therefore,	 no	 discrimination	 was	 done	
between	the	25(OH)D3	epimers,	as	shown	in	Table	1.	
The	 results	 of	 this	 second	 batch	 are	 being	 treated	 by	 the	 research	 group	 of	 Dr.	




collaboration	 established	 with	 Dr.	 Marina	 Pollán	 from	 the	 National	 Center	 for	










multicase-control	 study	 in	 Spain	 (MCC-Spain)	 [3],	 with	 546	 histologically	
confirmed	 breast	 cancer	 cases	 and	 558	 control	 individuals.	 In	 this	 study,	 the	
samples	 were	 analyzed	 for	 quantitative	 determination	 of	 vitamin	 D3	 and	
metabolites	by	the	platform	SPE–LC–MS/MS	described	in	Chapter	1.	A	summary	of	
the	results	from	the	analysis	of	the	samples	is	shown	in	Table	2.	These	results	have	
been	 used	 by	 Lope	 et	 al.	 [1]	 to	 evaluate	 statistically	 the	 association	 among	
25(OH)D3	 levels	 and	 breast	 cancer	 risk,	 the	 dose-response	 shape	 of	 this	
relationship	and	possible	differences	in	this	association	among	menopausal	status,	















Molecular	 Biology	 [1].	 The	 principal	 conclusion	 was	 an	 inverse	 association	
between	 25(OH)D3	 serum	 levels	 and	 breast	 cancer	 risk,	 which	 was	 more	
pronounced	 in	 triple	 negative	 tumors.	 The	 authors	 finally	 concluded	 that	 public	
health	 and	 clinical	 strategies	 aimed	 at	 improving	 vitamin	 D	 levels	 would	 be	







A	 second	 collaboration	 with	 Dr.	 Marina	 Pollán	 from	 National	 Center	 for	
Epidemiology	 in	 Carlos	 III	 Institute	 of	 Health	 in	 the	 frame	 of	 the	 DDM-Madrid	
study	 was	 developed,	 which	 also	 has	 given	 place	 to	 an	 article	 in	 production	
progress	 of	 which	 the	 PhD	 student	 is	 an	 author	 [4].	 In	 this	 study	 1472	 serum	
samples	 from	 premenopausal	 women	 (39–50	 years	 old,	 recruited	 between	 June	
2013	and	May	2015)	were	analyzed.	The	aim	of	this	research	was	to	evaluate	the	
effect	 of	 vitamin	D3	 and	 its	 principal	metabolites	 on	 the	mammographic	 density	
(MD)	 in	premenopausal	women.	The	method	described	 in	Chapter	1	was	used	to	











1472 6.6	±	2.7 49.2	±	18.9 3.3	±	1.5 111.1	±	26.1
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Las	 normas	 vigentes	 en	 la	 Universidad	 de	 Córdoba	 sobre	 el	 modelo	 de	 Tesis	
Doctoral	 en	 el	 formato	 de	 compilación	 de	 artículos	 (publicados	 o	 próximos	 a	 su	
publicación)	 hacen	 obligatoria	 una	 sección	 para	 la	 discusión	 conjunta	 de	 los	
resultados.	
La	investigación	en	esta	Tesis	Doctoral,	dedicada	completamente	a	la	vitamina	D	y	
sus	 principales	 metabolitos	 en	 humanos,	 se	 puede	 dividir,	 en	 función	 de	 los	
objetivos,	 en	 tres	 secciones	 que	 coinciden	 con	 las	 tres	 etapas	 principales	 de	 la	





la	 sensibilidad	 y	 la	 selectividad	 utilizando	 estándares	 internos	 deuterados,	
diferentes	configuraciones	de	columnas	para	la	separación	analítica	y	utilizando	la	
espectrometría	de	masas	para	la	determinación.	
La	 segunda	 sección	 trata	 sobre	 una	 etapa	 clave	 y	 poco	 estudiada	 en	 el	 proceso	
analítico	 para	 determinar	 la	 vitamina	 D:	 la	 preparación	 de	 la	 muestra.	 En	 esta	
sección	se	evaluaron	dos	muestras	de	 sangre	 (suero	y	plasma)	para	 comparar	 la	
determinación	de	los	metabolitos	de	la	vitamina	D	en	las	dos	matrices	biológicas.	
También	se	compararon	dos	 formas	de	preparación	de	 la	muestra	 (precipitación	
de	 proteínas	 y	 extracción	 en	 fase	 sólida	 en	 línea),	 todo	 lo	 cual	 se	 recoge	 en	 el		
Capítulo	3.	El	Capítulo	4	abarca	un	estudio	de	estabilidad	de	la	muestra,	en	el	que	
se	estableció	la	temperatura	más	adecuada	para	conservar	la	muestra	y	el	número	
máximo	 de	 ciclos	 de	 congelación/descongelación	 a	 los	 que	 puede	 someterse	 la	
muestra	para	cada	uno	de	los	compuestos	diana.	Finalmente,	se	propuso	un	nuevo	







En	 la	 Sección	 III,	 y	 como	 evaluación	 de	 los	 resultados	 de	 las	 dos	 secciones	






desarrollada	 en	 esta	 Tesis.	 El	 Anexo	 4	 contiene	 una	 publicación	 basada	 en	 los	
resultados	 obtenidos	mediante	 el	 análisis	 de	muestras	 de	 una	 de	 estas	 cohortes	
masivas.	
Sección	 I:	 Mejora	 de	 las	 plataformas	 analíticas	 para	 la	 determinación	 de	
vitamina	D	y	sus	metabolitos	
El	 creciente	 número	 de	 enfermedades	 relacionadas	 con	 la	 vitamina	 D	 y/o	 sus	
principales	 metabolitos	 parece	 desempeñar	 un	 papel	 crucial	 en	 el	 aumento	 del	
interés	 por	 el	 desarrollo	 de	 nuevos	 métodos	 para	 la	 determinación	 de	 estos	
compuestos.	 La	 complejidad	 del	 análisis	 de	 estos	 metabolitos	 se	 debe	 a	 su	
similitud	 estructural,	 naturaleza	 hidrofóbica	 e	 inestabilidad	 térmica	 y	 a	 la	
radiación	 UV.	 Los	 métodos	 recientes	 para	 la	 determinación	 de	 los	 metabolitos	
principales	 van	 desde	 inmunoensayo	 (ELISA,	 RIA,	 CPB)	 a	 los	 basados	 en	 la	
separación	 mediante	 cromatografía,	 tanto	 de	 líquidos	 como	 de	 gases,	 y	 en	 la	
determinación	 mediante	 absorción	 molecular	 UV	 visible,	 ionización	 en	 llama	 o	
espectrometría	de	masas	(MS).	
Los	métodos	 basados	 en	 cromatografía	 de	 líquidos–espectrometría	 de	masas	 en	
tándem	 (LC–MS/MS)	 se	 consideran	 actualmente	 "gold	 standard",	 pero	 las	 bajas	
concentraciones	de	los	analitos	en	matrices	biológicas	obligan	a	realizar	etapas	de	






este	 dispositivo	 se	 puede	 acoplar	 en	 línea	 a	 los	 equipos	 de	 LC,	 lo	 que	mejora	 la	
robustez	y	la	velocidad	del	análisis.	
Por	otro	lado,	la	determinación	de	3-epi-25(OH)D3	y	25(OH)D3	es	compleja,	ya	que	









El	 primer	 estudio	 tuvo	 como	 objetivo	 optimizar	 y	 validar	 una	 plataforma	
automatizada	 SPE–LC–MS/MS	 cuyas	 características	 analíticas	 permitían	 la	
determinación	de	la	vitamina	D	y	sus	principales	metabolitos.	El	método	se	dirigió	
a	 las	 vitaminas	 D2	 y	 D3,	 los	 monohidroximetabolitos	 y,	 principalmente,	 a	 los	
dihidroximetabolitos	de	las	dos	formas	de	vitamina	D:	1,25(OH)2D2,	1,25(OH)2D3	y	





etapa	 se	 centró	 en	 la	 preconcentración	 de	 los	 analitos	 y	 la	 eliminación	 de	









separación	 cromatográfica	 permitió	 su	 determinación	 inequívoca.	 Además,	 los	
iones	producto	utilizados	en	la	monitorización	fueron	iguales	para	cada	metabolito	
y	su	correspondiente	estándar	deuterado.	
Las	 características	 analíticas	del	método	hicieron	que	esta	plataforma	 fuera	muy	
apropiada	 para	 determinar	 los	 metabolitos	 de	 interés	 en	 muestras	 de	 suero,	
mostrando	 buenos	 límites	 de	 detección	 y	 de	 cuantificación	 (LOD	 y	 LOQ,	
espectivamente).	 El	método	 proporcionó	 una	 variabilidad	 en	 el	mismo	día	 entre	
1.5	y	11.5%	y	una	variabilidad	entre	días	inferior	al	13%,	ambas	expresadas	como	
desviación	estándar	relativa	(RSD).	El	factor	de	recuperación	fue	cercano	al	100%	
para	di-	 y	monohidroximetabolitos,	 y	 alrededor	del	60%	para	 las	 vitaminas	D3	 y	
D2;	 lo	que	se	explica	por	 la	baja	eficiencia	de	extracción	del	sorbente	C8	para	 las	
vitaminas,	 menos	 polares	 que	 sus	 metabolitos.	 Finalmente,	 se	 obtuvo	 una	
excelente	precisión	para	el	método,	entre	el		89.3	y	el	93.6%.	
La	 validación	 se	 realizó	 mediante	 evaluación	 externa	 de	 la	 calidad	 (DEQAS),	
utilizando	 10	muestras	 para	 determinar	 el	 total	 de	 25(OH)D	 y	 otras	 10	 para	 el	
total	 de	 1,25(OH)2D.	 En	 ambos	 casos	 los	 resultados	 estuvieron	 dentro	 de	 los	
límites	impuestos	por	DEQAS.	
El	 siguiente	 paso	 fue	 desarrollar	 un	 nuevo	 método	 analítico	 también	 para	 los	
metabolitos	de	la	vitamina	D	en	suero	humano,	que	incluyese	en	este	caso	la	forma	
3-epi-25(OH)D3.	 El	método	 involucró	 SPE	 en	 línea	 acoplada	 con	 a	 la	 separación	
cromatográfica	bidimensional	(2DLC)	y	a	la	detección	de	MS/MS.	Se	utilizaron	una	







Se	 realizó	 una	 primera	 comparación	 entre	 las	 dos	 columnas	 (PFP	 y	 C18)	 para	
obtener	una	buena	separación	previa	a	la	determinación	de	todos	los	analitos.	La	
columna	PFP		permitió	la	separación	entre	25(OH)D2,	25(OH)D3	y	3-epi-25(OH)D3,	
pero	 con	 una	 pobre	 sensibilidad	 para	 los	 dihidroximetabolitos;	 mientras	 que	 la	
columna	C18	proporcionó	una	sensibilidad	suficiente	para	todos	los	analitos,	pero	
la	separación	del	epímero	de	los	otros	mono-hidroximetabolitos	fue	imposible.	Por	
esta	 razón,	 se	 desarrolló	 una	 configuración	 2DLC	 para	 combinar	 las	 buenas	
propiedades	 de	 cada	 columna	 en	 una	 sola	 plataforma.	 Primero,	 los	
dihidroximetabolitos	se	separaron	en	la	columna	C18,	seguido	de	la	separación	de	
los	monohidroximetabolitos	por	la	columna	PFP	y,	finalmente,	las	dos	formas	de	la	




La	 sensibilidad	 proporcionada	 por	 la	 plataforma	 2DLC	 fue	 bastante	 similar	 a	 la	
reportada	en	el	Capítulo	1,	en	el	que	el	enfoque	era	parecido,	pero	utilizando	solo	
una	columna	para	 la	separación.	Para	el	nuevo	analito,	el	epímero,	 los	valores	de	
LOD	 y	 LOQ	 fueron	 muy	 similares	 a	 los	 de	 los	 otros	 monohidroximetabolitos	 y	
permitieron	 su	 determinación	 en	 suero	 humano.	 También	 la	 precisión	
proporcionada	 por	 esta	 plataforma	 fue	 similar	 a	 la	 del	 Capítulo	 1:	 variabilidad	
entre	días	 inferior	 al	11.6%	y	variabilidad	en	el	mismo	día	 inferior	 al	7.2%	para	
todos	 los	 analitos	 (valores	 siempre	 expresados	 como	RSD).	 La	 precisión	 para	 3-
epi-25(OH)D3	fue	ligeramente	más	baja	que	para	la	forma	25(OH)D3,	para	la	cual	la	
precisión	no	se	vio	afectada	por	la	separación	2DLC.	
Los	 factores	 de	 recuperación	 fueron	 alrededor	 del	 100%	 para	 los	
dihidroximetabolitos	 y	 superiores	 al	 95,2%	 para	 los	 monohidroximetabolitos,	







96.1,	 y	 95.5%	 para	 el	 epímero	 C3;	 valores	 de	 sensibilidad	 adecuados	 para	 su	
cuantificación	en	suero	humano.	
Finalmente,	 la	 validación	 externa	 abarcó	 dos	 formas:	 la	 de	 los		
monohidroximetabolitos	por	un	material	de	referencia	de	 la	NIST,	y	 la	validación	
externa	DEQAS	como	en	el	Capítulo	1.	Con	el	material	de	referencia		de	la	NIST	se		
realizó	 un	 análisis	 por	 triplicado	 para	 cada	 uno	 de	 los	 cuatro	 niveles	 de	
concentración	 suministrado,	 y	 el	 porcentaje	 de	 sesgo	 en	 comparación	 con	 los	
valores	de	referencia	varió	entre	el	2.0	y	el	8.5%,	corroborando	así	la	precisión	del	
enfoque	 propuesto	 para	 el	 análisis	 de	 los	 tres	 monohidroximetabolitos.	 Se	





determinación	 de	 los	 principales	 metabolitos	 de	 la	 vitamina	 D,	 así	 como	 en	
diferentes	 estrategias	 de	 conservación	 de	 las	 muestras	 de	 suero	 en	 estudios	
clínicos,	para	evitar	problemas	de	degradación	(Capítulo	4).	En	ambos	estudios	el	






biológicas	 para	 la	 determinación	 de	 estos	 compuestos,	 ya	 que	 ambos	 pueden	
obtenerse	 fácilmente	 y	 contienen	 los	 principales	 metabolitos	 a	 niveles	
cuantificables.	 Los	 protocolos	 de	 preparación	 de	 muestras	 basados	 en	 suero	 o	





Con	 estos	 precedentes,	 se	 estudiaron	 dos	 estrategias	 para	 la	 preparación	 de	




fiable	 de	 los	 resultados	 cuantitativos	 en	 la	 investigación	 epidemiológica.	 El	
comportamiento	 de	 los	 analitos	 objetivo	 desde	 la	 extracción	 de	 sangre	 hasta	 su	
determinación	tiene	una	relevancia	crítica.	El	tiempo	y	las	condiciones	a	las	que	se	
deben	almacenar	las	muestras	fueron	aspectos	clave	a	estudiar	en	profundidad,	ya	
que	 la	 estabilidad	 de	 los	 metabolitos	 de	 la	 vitamina	 D	 en	 sangre	 no	 se	 había	
estudiado	suficientemente	hasta	el	momento.	De	hecho,	a	pesar	de	la	inestabilidad	
en	 sangre	 de	 los	 metabolitos	 de	 la	 vitamina	 D,	 solo	 se	 había	 estudiado	
anteriormente	la	del	metabolito	25(OH)D3.	
Los	resultados	obtenidos	en	estos	estudios	se	discuten	en	detalle	a	continuación.	
La	 investigación	 sobre	 la	 influencia	 de	 la	 muestra	 de	 sangre	 utilizada	 (suero	 o	
plasma)	 para	 el	 análisis	 cuantitativo	 de	 los	 analitos	 diana	 implicó:	 (i)	 el	 tipo	 de	
muestra,	suero	o	plasma;	(ii)	la	presencia	de	gel	en	los	tubos	para	la	extracción	de	
sangre	 (utilizada	 para	 favorecer	 la	 separación	 del	 suero	 o	 plasma	 de	 las	 células	






y	 la	 SPE	 automatizada,	 se	 compararon	 en	 términos	 de	 sensibilidad,	 rango	 de	
calibración	 lineal	 y	 efectos	 de	matriz	 para	 establecer	 cuándo	 se	 debe	 usar	 cada	









Sin	 embargo,	 si	 el	 objetivo	 es	 la	 determinación	 de	 vitamina	 D	 y	 los	
monohidroximetabolitos,	se	puede	usar	la	desproteinización.	Las	diferencias	en	la	
sensibilidad	que	se	obtiene	tras	aplicar	cada	uno	de	los	protocolos	pueden	deberse	
al	 volumen	 de	 muestra	 analítica	 inyectada	 en	 la	 columna	 después	 de	 aplicar	 la	
precipitación	de	proteínas:	41.6	µL	(considerando	todos	los	pasos	involucrados	en	
este	procedimiento	de	preparación	de	 la	muestra)	 frente	 a	200	µL	 en	 el	método	
basado	en	SPE:	4.8	veces	mayor	en	este	último	caso.	
Se	 optimizaron	 las	 principales	 variables	 involucradas	 en	 el	 procedimiento	
automatizado	de	SPE	para	cada	tipo	de	muestra.	Las	diferentes	composiciones	de	
suero	y	plasma	proporcionaron	diferencias	en	 las	 etapas	 involucradas	en	 la	 SPE,	
especialmente	 en	 la	 etapa	 de	 carga,	 en	 el	 lavado	 del	 cartucho	 de	 sorbente	 y,	




que	 fue	 más	 significativo	 para	 el	 25(OH)D2	 cuando	 se	 determinó	 en	 plasma	
(83.0%).	La	disminución	del	 factor	de	recuperación	fue	más	significativa	para	 las	
vitaminas	D2	y	D3,	ya	que	este	parámetro	estuvo	en	el	entorno	del	60%	en	suero	o	
plasma.	 Se	 estudiaron	 la	 precisión	 y	 los	 potenciales	 efectos	 de	 la	 matriz.	 Los	
resultados	 fueron	superiores	al	89%	para	 todos	 los	analitos	en	el	caso	del	suero,	
excepto	para	 la	 vitamina	D2	 (83.3%);	 para	 el	 plasma	 la	 precisión	 fue	 superior	 al	
90,1%.	 En	 general,	 la	 precisión	 calculada	 para	 la	 mayoría	 de	 los	 analitos	 fue	









La	 influencia	del	 tubo	utilizado	para	 la	extracción	de	 sangre	en	 la	determinación	
cuantitativa	 de	 la	 vitamina	 D	 y	 sus	 metabolitos	 también	 se	 evaluó	mediante	 un	
análisis	comparativo	de	las	muestras	de	suero	y	plasma	recogidas	en	tubos	simples	
o	con	gel.	En	el	caso	del	suero	no	se	encontraron	diferencias	significativas,	lo	que	
significa	 que	 el	 suero	 recogido	 en	 tubos	 simples	 y	 con	 gel	 podrían	 utilizarse	
indistintamente	 para	 el	 análisis	 cuantitativo	 de	 la	 vitamina	 D	 y	 sus	metabolitos.	




de	 la	 cohorte	 en	 estudio,	 también	 se	 compararon	 estadísticamente	mediante	 un		
test	 de	 la	 t	 por	 parejas	 (nivel	 de	 confianza	 del	 95%),	 mediante	 el	 que	 no	 se	
detectaron	 diferencias	 significativas	 entre	 los	 niveles	 de	 vitamina	 D3,	 25OHD3	 y	
24,25(OH)2D3	 en	 suero	 y	 plasma,	 pero	 sí	 una	 diferencia	 significativa	 en	 la	
concentración	 de	 1,25(OH)2D3.	 Por	 lo	 tanto,	 el	 plasma	 parece	 ser	más	 adecuado	





de	Cusum,	que	no	dio	 lugar	a	una	desviación	significativa	de	 la	 linealidad	para	 la	
vitamina	 D3	 y	 sus	 tres	 metabolitos	 (valor	 de	 p	 de	 0.39	 para	 24,25(OH)2D3	 y	
próximos	a	0.86	para	el	resto	del	analitos).	
Con	 respecto	 al	 estudio	 sobre	 la	 estabilidad	 de	 la	 vitamina	 D	 y	 sus	 principales	
metabolitos	 en	 suero	 humano,	 se	 probaron	 durante	 dos	meses	 cinco	 estrategias	






ciclos	 de	 congelación/descongelación	 en	 los	 analitos	 objetivo	 para	 establecer	 el	
número	 de	 ciclos	 de	 congelación/descongelación	 que	 se	 pueden	 realizar	 sin	
degradación	significativa.	
El	 tiempo	 de	 almacenamiento	 jugó	 un	 papel	 relevante	 en	 la	 estabilidad	 de	 la	
vitamina	 D	 y	 sus	 metabolitos	 principales,	 pero	 con	 claras	 diferencias	 según	 el	
compuesto	 en	 cuestión.	 La	 forma	 activa,	 25(OH)D3,	 no	 experimentó	 cambios	
significativos	de	concentración	cuando	se	sometió	a	cada	una	de	las	estrategias	de	
almacenamiento:	 fue	 estable	 durante	 dos	 meses	 independientemente	 de	 la	
temperatura.	Por	el	contrario,	 la	 temperatura	ambiente	produjo	una	degradación	
significativa	en	la	vitamina	D3	después	de	5	días;	en	1,25(OH)2D3	después	de	3	días	
y	 en	 24,25(OH)2D3	 desde	 el	 primer	 día.	 La	 refrigeración	 a	 4	 °C	 también	 ejerció	
diferentes	 efectos	 en	 cada	 analito:	 la	 vitamina	 D3	 mostró	 una	 degradación	
significativa	después	de	10	días,	el	metabolito	24,25(OH)2D3	después	de	30	días	y	
el	1,25(OH)2D3	después	de	dos	meses.	Finalmente,	en	condiciones	de	congelación,	
los	 metabolitos	 mostraron	 comportamientos	 singulares:	 la	 vitamina	 D3	
experimentó	 una	 degradación	 significativa	 después	 de	 10	 días	 de	 refrigeración,	
mientras	 que	 el	 metabolito	 1,25(OH)2D3	 y	 el	 24,25(OH)2D3	 se	 mantuvieron	
estables	durante	los	dos	meses	del	estudio.	
En	 lo	 que	 se	 refiere	 a	 los	 ciclos	 de	 congelación/descongelación	 de	 alícuotas	 de	
suero	almacenadas	en	el	congelador	a	dos	temperaturas	diferentes	(–20	y	-80	°C),	




los	 nmol/L).	 La	 concentración	 de	 24,25(OH)2D3	 y	 1,25(OH)2D3	 disminuyó	
significativamente	 después	 del	 tercer	 ciclo	 de	 descongelación	 en	 las	 alícuotas	
almacenadas	a	las	dos	temperaturas,	debido	a	los	cambios	en	la	composición	de	la	










la	muestra	 se	 puede	 almacenar	 a	 temperatura	 ambiente.	 Los	 resultados	 de	 este	
estudio	 mostraron	 claramente	 que	 los	 metabolitos	 25(OH)D3,	 1,25(OH)2D3	 y	
24,25(OH)2D3	 no	 experimentaron	 cambios	 significativos	 después	 de	 uno	 o	 dos	
meses	a	temperatura	ambiente.	Por	el	contrario,	la	vitamina	D3	fue	menos	estable	
que	 sus	 metabolitos	 y	 sufrió	 una	 disminución	 significativa	 de	 la	 concentración	
después	de	dos	meses.	A	corto	plazo	(dos	meses),	la	eliminación	del	contenido	de	
agua	parece	desempeñar	un	papel	 fundamental	para	 garantizar	 la	 estabilidad	de	
los	metabolitos	 de	 la	 vitamina	 D3	 a	 temperatura	 ambiente,	 considerando	 que	 la	
determinación	 de	 estos	 compuestos	 en	 alícuotas	 sin	 congelar	 sufrió	 variaciones	
significativas.	
Sección	 III:	 Aplicación	 de	 los	 métodos	 desarrollados	 a	 la	 determinación	
masiva	de	vitamina	D	y	sus	metabolitos	
Esta	 sección	 se	 centra	 en	 la	 aplicación	 de	 las	 plataformas	 desarrolladas	 en	
diferentes	 investigaciones	 clínicas,	 para	 la	 determinación	 de	 la	 cantidad	 de	
vitamina	 D	 y	 sus	 principales	 metabolitos	 en	 suero	 humano,	 que	 fue	 la	 muestra	
recolectada	en	todos	los	casos.	
Hoy	 en	 día,	 la	 vitamina	 D	 es	 el	 caballo	 de	 batalla	 de	 muchas	 teorías	 sobre	 su	
comportamiento	 en	 diferentes	 trastornos	 crónicos	 de	 los	 seres	 humanos,	 como	
diabetes,	esclerosis	múltiple,	enfermedades	cardiovasculares,	asma,	varios	tipos	de	
cáncer	(de	pulmón,	colorrectal,	de	mama	o	de	próstata),	enfermedad	de	Parkinson	












el	 principal	 de	 los	 cuales	 es	 la	 controversia	 sobre	 los	 valores	 de	 los	 niveles	
fisiológicos	 y	 patológicos	 de	 los	 metabolitos	 de	 la	 vitamina	 D	 (abordados	 en	 el	
Capítulo	5).	Por	lo	tanto,	el	mejor	punto	de	partida	para	aumentar	el	conocimiento	
y	 apoyar	 la	 alta	 participación	 de	 esta	 vitamina	 liposoluble	 en	 las	 funciones	




factores	 —la	 edad,	 las	 características	 antropométricas	 como	 el	 índice	 de	 masa	
corporal	 (IMC)	 y	 el	 índice	 cintura–cadera	 (ICC)	 y	 factores	 estacionales	 y	 de	
localización—	en	la	concentración	de	vitamina	D3	y	metabolitos.	
Los	 resultados	 de	 la	 determinación	 de	 los	 analitos	 objetivo	 en	 la	 población	 en	
estudio	fueron:	(a)	para	el	calcidiol,	una	concentración	promedio	de	47.3	nmol/L	
(4.8–79.8	 nmol/L).	 Un	 resultado	 de	 acuerdo	 con	 los	 niveles	 séricos	 informados	
previamente	para	este	metabolito	en	individuos	sanos	(8–165	nmol/L).	(b)	Para	el	
colecalciferol,	cuya	concentración	promedio	fue	de	7.3	nmol/L	(1.7–12.2	nmol/L),	
resultó	 ser	 más	 baja	 que	 la	 proporcionada	 por	 Poongkody	 et	 al.,	 quienes	
obtuvieron	un	rango	para	individuos	normales	entre	18	y	150	nmol/L.	(c)	Para	la	
forma	 activa,	 1,25(OH)2D3,	 la	 concentración	 promedio	 fue	 113.1	 pmol/L	 (43.2–





pmol/L).	 (d)	 Finalmente,	 la	 concentración	 promedio	 de	 24,25(OH)2D3	 fue	 de	 3.9	
nmol/L	(0.3–8.5	nmol/L),	ligeramente	inferior	a	los	datos	informados	previamente	
por	 Beacher	 et	 al.	 como	 el	 rango	 normal	 en	 sujetos	 humanos	 sanos	 (2.8–30	
nmol/L).	
También	 se	 calcularon	 las	 relaciones	 entre	 pares	 de	 analitos	 para	 evaluar	 la	
actividad	 enzimática	 en	 las	 rutas	 metabólicas	 de	 la	 vitamina	 D.	 La	 relación	
25(OH)D3/D3	 fue	 de	 7.0±3.2,	 indicativa	 de	 la	 actividad	 enzimática	 de	 la	 25-
hidroxilasa	en	la	primera	etapa	de	hidroxilación.	La	relación	de	conversión	para	la	
producción	 de	 los	 dos	 dihidroximetabolitos	 se	 calculó	 mediante	 las	 relaciones	
24,25(OH)2D3/25(OH)D3	y	1,25(OH)2D3/25(OH)D3,	que	 fueron	de	0.08±0.04	y	de	
0.0029±0.002,	respectivamente.		
Los	 resultados	 estudiados	 en	 la	 cohorte	 se	 analizaron	 estadísticamente	 para	
asociar	el	metabolismo	de	la	vitamina	D3	con	diferentes	factores.	
No	 hubo	 diferencias	 significativas	 en	 la	 concentración	 de	 vitamina	 D3	 y	 sus	
metabolitos	en	función	de	la	edad.	Con	respecto	al	IMC,	solo	el	nivel	de	vitamina	D3	




IMC	 y	 ICC	 en	 los	 niveles	 de	 los	 analitos	 diana	 sugieren	 que	 la	 obesidad	 está	
asociada	 con	 la	 deficiencia	 de	 vitamina	 D3	 a	 través	 de	 una	 disminución	 del	
metabolismo.	 La	 vitamina	 D	 es	 liposoluble,	 por	 lo	 tanto	 se	 almacena	
principalmente	 en	 el	 tejido	 adiposo	 que	 sirve	 como	 una	 fuente	 endógena	 de	
vitamina	D.	Por	esta	razón,	los	individuos	con	IMC	y	ICC	altos	presentan	niveles	de	
vitamina	D	 en	 sangre	más	bajos	 que	 los	 individuos	 con	peso	normal.	Otra	 razón	









de	 este	 metabolito	 tiene	 lugar	 en	 diferentes	 tejidos	 (hueso,	 placenta,	 próstata,	
queratinocitos,	 macrófagos,	 linfocitos	 T,	 células	 dendríticas	 varias	 y	 glándula	
paratiroidea),	donde	se	expresa	la	enzima	1α-hidroxilasa.	
También	se	estudió	la	influencia	del	período	estacional	en	los	niveles	de	vitamina	
D3	 y	 sus	 metabolitos.	 Para	 ello,	 las	 muestras	 se	 organizaron	 según	 el	 período	
estacional	en	el	que	se	extrajeron:	otoño,	invierno,	primavera	y	verano.	El	análisis	
ANOVA	reveló	que	la	vitamina	D3	(valor	de	p=0.003),	25(OH)D3	(p=0.0003)	y	24,25	
(OH)2D3,	 (p=0)	 proporcionaron	 la	misma	 tendencia	 de	 variabilidad	 y	 sus	 niveles	
disminuyeron	 siguiendo	 la	 secuencia	 verano>otoño>invierno>primavera.	 Este	
comportamiento	corroboró	que	la	estacionalidad	es	uno	de	los	principales	factores	
que	 afectan	 a	 los	 niveles	 séricos	 de	 vitamina	D3	 y	 sus	metabolitos.	 Sin	 embargo,	
parece	existir	un	efecto	memoria	que	explicaría	por	qué	los	niveles	de	vitamina	D	
en	 otoño	 e	 invierno	 estaban	 por	 encima	 de	 las	 concentraciones	 encontradas	 en	
primavera.		
Se	 definió	 un	 factor	 espacial	 según	 el	 origen	 geográfico	 de	 las	 muestras	
considerando	 cuatro	 latitudes	 en	 España:	 43N,	 42N,	 41N	 y	 40N.	 El	 test	 ANOVA	
mostró	 que	 las	 concentraciones	 de	 25(OH)D3	 (p=0.003)	 y	 de	 24,25(OH)2D3	
(p=0.03)	variaron	significativamente	en	función	de	la	latitud.	Los	niveles	más	altos	
encontrados	para	25(OH)D3	en	las	latitudes	40N	y	43N	podrían	explicarse	porque	
el	área	que	se	ajusta	a	 la	 latitud	40N	se	encuentra	más	al	 sur	que	el	 resto	de	 las	
áreas,	y	el	área	correspondiente	a	la	latitud	43N	es	un	área	costera.	La	exposición	a	










Se	 abordó	 un	 estudio	 adicional	 para	 encontrar	 la	 influencia	 de	 otros	 factores,	 a	
saber.	 Actividad	 física	 en	 los	 últimos	 5	 años	 (met-h/semana),	 estado	 de	 la	
menopausia,	 ingesta	de	calcio	(g	día)	e	ingesta	de	energía	(kcal)	en	los	niveles	de	
vitamina	 D	 en	 la	 sangre.	 Después	 de	 la	 evaluación	 estadística	 mediante	 el	 test	
ANOVA,	solo	la	ingesta	de	calcio	y	energía	contribuyó	a	explicar	significativamente	
los	niveles	de	vitamina	D.	El	metabolito	24,25(OH)2D3	se	asoció	significativamente	





media	 del	 metabolito	 25(OH)D3.	 Estos	 dos	 efectos	 puede	 que	 afecten	 a	 la	
concentración	de	metabolitos	relacionados.	Con	respecto	a	la	ingesta	de	energía,	el	




Respecto	 a	 los	 centros	 de	 investigación	 nacionales	 e	 internacionales	 que	 han	
solicitado	 el	 análisis	 del	 metabolismo	 de	 la	 vitamina	 D	 en	 diferentes	 estudios	







Se	 analizaron	un	 total	 de	314	muestras	de	 suero,	 en	dos	 lotes,	 del	Ospedale	 San	
Raffaele	de	Milán,	 Italia,	para	determinar	 los	niveles	de	vitamina	D	y	metabolitos	
en	 pacientes	 con	 síndromes	 aislados	 clínicamente	 y	 asociar	 estos	 niveles	 con	 el	
riesgo	de	sufrir	esclerosis	múltiple	(EM).	Los	principales	resultados	del	estudio	del	
primer	 lote	 fueron	 que	 los	 niveles	 altos	 de	 25(OH)D3	 se	 asociaron	 con	 un	 bajo	
riesgo	 de	 esclerosis	 múltiple	 y	 52%	 de	 los	 pacientes	 reportaron	 deficiencia	 de	
vitamina	D	 al	 establecer	 el	 nivel	 de	 corte	 en	 50	 nmol/L.	Durante	 el	 seguimiento	
(media	de	edad	de	los	pacientes	7.17	años),	55	pacientes	desarrollaron	esclerosis	
múltiple	 clínicamente	definida	 (CDMS).	 Entre	 los	 pacientes	 con	niveles	medios	 o	
altos	 de	 25(OH)D3	 se	 identificaron	 dos	 grupos,	 de	 los	 que	 el	 grupo	 con	 una	
producción	 significativamente	 menor	 de	 metabolitos	 activos	 e	 inactivos	 (baja	
actividad	CYP27)	tenía	un	riesgo	significativamente	mayor	de	EM.	Los	resultados	
del	 segundo	 lote	 están	 siendo	 tratados	 por	 el	 grupo	 de	 investigación	 de	 la	 Dra.	
Dalla	 Costa	 buscando	 la	 correlación	 entre	 los	 niveles	 basales	 de	 vitamina	D	 y	 la	
actividad	 de	 la	 enfermedad	 en	 pacientes	 con	 esclerosis	 múltiple	 tratados	 con	
fingolimod.	
También	 se	 analizó	 un	 lote	 de	 1104	 muestras	 de	 suero	 de	 un	 estudio	 de	 multi	
casos-control	en	España.	La	conclusión	principal	fue	una	asociación	inversa	entre	
los	 niveles	 séricos	 de	 25(OH)D3	 y	 el	 riesgo	 de	 cáncer	 de	 mama,	 que	 fue	 más	
pronunciada	 en	 los	 tumores	 triplemente	 negativos.	 Los	 autores	 del	 estudio	
finalmente	 concluyeron	 que	 son	 deseables	 las	 estrategias	 clínicas	 y	 de	 salud	
pública	destinadas	a	mejorar	los	niveles	de	vitamina	D,	teniendo	en	cuenta	la	alta	
proporción	de	mujeres	con	una	concentración	inadecuada	de	25(OH)D.		
Un	 estudio	 final	 incluyó	 el	 análisis	 de	 1472	muestras	 de	 suero	 de	mujeres	 pre-









población	de	 la	 cohorte;	 por	 lo	 tanto,	 se	 debe	 proponer	 aumentar	 los	 niveles	 de	

















The	 research	 in	 this	Doctoral	 Thesis,	 devoted	 entirely	 to	 vitamin	D	 and	 its	main	
metabolites	 in	 humans,	 can	 be	 divided	 into	 three	 sections	 as	 a	 function	 of	 the	
objectives	 that	 coincide	with	 the	 three	principal	 steps	of	 the	 analytical	 research:	
method	development,	sample	preparation	and	application	to	real	samples.		
Thus,	Section	I	is	focused	on	the	development	of	new	methods,	Chapter	1	and	2,	to	
increase	 the	 number	 of	 vitamin	 D	 metabolites	 determined	 automatically	 in	 one	
single	 analysis	 eliminating	 the	 human	 error,	 and	 improving	 sensitivity	 and	
selectivity	 using	 deuterated	 internal	 standards,	 different	 columns	 configurations	
for	the	analytical	separation	and	mass	spectrometry	for	determination.		
The	 second	 section	 deals	 with	 a	 key	 and	 poorly	 studied	 step	 in	 the	 analytical	
process	 to	 determine	 vitamin	 D:	 sample	 preparation.	 In	 this	 section	 two	 blood	
samples	(serum	and	plasma)	were	evaluated	to	compare	two	biological	matrices	to	
determine	 vitamin	 D	 metabolites;	 and	 two	 sample	 preparations	 (protein	
precipitation	and	on-line	 solid	phase	extraction,	 SPE)	were	 tested	with	 the	 same	
aim	(Chapter	3).	In	addition,	a	study	of	sample	stability	was	carried	out,	shown	in	
Chapter	4,	in	which	the	best	storage	temperature	and	freeze/thaw	cycles	for	each	
of	 the	 target	 compounds	 were	 established.	 Finally,	 a	 novel	 room	 temperature	
storage	based	on	sample	lyophilization	was	proposed.	
In	 Section	 III,	 and	 as	 assessment	 of	 the	 results	 from	 the	 other	 two	 previous	
sections,	 massive	 analysis	 of	 serum	 samples	 from	 a	 number	 of	 patients	 cohorts	
were	 analyzed.	The	MCC	 study	 (Chapter	5)	was	 focused	on	 the	determination	of	
vitamin	 D	 metabolites	 in	 healthy	 women	 and	 on	 the	 statistical	 analysis	 of	 the	
results.	 The	 other	 studies,	 which	 ranged	 from	multiple	 sclerosis	 in	 child,	 breast	








Section	 I:	 Development	 and	 improvement	 of	 analytical	 platforms	 for	
determination	of	vitamin	D	and	its	metabolites	
The	growing	number	of	diseases	 in	vitamin	D	and/or	its	main	metabolites	seems	
to	 play	 a	 crucial	 role	 in	 triggering	 the	 interest	 for	 the	 development	 of	 new	
analytical	methods	 for	 the	determination	of	 these	compounds.	The	complexity	of	
the	 analysis	 of	 these	 metabolites	 is	 caused	 by	 their	 structural	 similarity,	
hydrophobic	 nature	 and	 thermal	 and	 UV-light	 instability.	 Recent	 methods	 for	
determination	 of	 the	 main	 metabolites	 range	 from	 immunoassays	 (ELISA,	 RIA,	
CPB)	 to	 those	 based	 on	 liquid	 or	 gas	 chromatographic	 separation	 and	
determination	 by	 molecular	 UV-visible	 absorption,	 flame	 ionization	 or	 mass	
spectrometry	(MS).	
Liquid	 chromatography–tandem	mass	 spectrometry	 (LC–MS/MS)	methods	are	 at	
present	considered	the	"gold	standard",	but	low	concentrations	of	the	analytes	in	
biological	 matrices	 make	 mandatory	 preconcentration	 and	 clean-up	 steps,	 for	
which	 automated	 SPE	 constitutes	 an	 excellent	 tool	 to	 facilitate	 and	 speed	 up	
sample	 preparation.	 In	 addition,	 the	 system	 can	 be	 on-line	 coupled	 to	 LC	
equipment,	thus	improving	robustness	and	speed	of	analysis.	
On	 the	other	hand,	determination	of	3-epi-25(OH)D3	and	25(OH)D3	 is	 a	 complex	
task,	 as	 both	 metabolites	 have	 identical	 elemental	 composition	 and	 MRM	
transitions	for	quantitation,	but	different	structure,	thus	leading	to	overestimation	
of	 25(OH)D3	 concentration	 in	 most	 LC–MS/MS	 methods,	 which	 are	 unable	 to	
differentiate	 the	 co-eluted	 epimers.	 A	 new	 two-dimensional	 chromatographic	











metabolites	 and,	mainly,	 at	 dihydroxymetabolites	 of	 the	 two	 forms	of	 vitamin	D:	
1,25(OH)2D2,	 1,25(OH)2D3	 and	24,25(OH)2D3.	 The	 inclusion	of	 vitamin	D2	 and	 its	
metabolites	 in	 the	 analytical	methods	 is	 of	 particular	 interest	when	 this	 form	 is	
administered	as	supplement,	a	common	practice	in	USA	and	Northern	Europe.		
The	optimization	of	the	SPE	step	was	a	crucial	analytical	step	taking	into	account	
the	 low	 levels	 at	 which	 vitamin	 D	 metabolites	 are	 present	 in	 blood.	 Sample	



















forms.	 Finally,	 an	 excellent	 accuracy	was	 obtained	 for	 this	method:	 from	89.3	 to	
93.6%.	
Validation	 was	 executed	 by	 external	 quality	 assessment	 (DEQAS),	 by	 which	 10	
samples	 were	 analyzed	 to	 determine	 total	 25(OH)D	 and	 other	 10	 for	 total	
1,25(OH)2D.	In	both	cases,	the	results	were	within	the	limits	imposed	by	DEQAS.	
The	following	step	was	a	new	analytical	method	also	for	vitamin	D	metabolites	in	
human	 serum	 including	 in	 this	 case	 the	 3-epi-25(OH)D3	 form.	 The	 method	
involved	 SPE	 on-line	 coupled	 to	 two-dimensional	 liquid	 chromatography	 (2DLC)	
separation	 and	 MS/MS	 detection.	 A	 C18	 column	 and	 a	 pentafluorophenyl	 (PFP)	
column	were	used	 for	separation	of	 the	 two	25(OH)D3	epimers	without	affecting	
the	sensitivity	and	resolution	for	the	other	main	vitamin	D	metabolites.	
A	first	comparison	between	the	two	columns	(PFP	and	C18)	was	carried	out	to	get	
a	 good	 separation	 for	 subsequent	 determination	 of	 all	 analytes.	 Using	 the	 PFP	
column,	 separation	 between	 25(OH)D2,	 25(OH)D3	 and	 3-epi-25(OH)D3	 was	
achieved,	 but	with	 a	 poor	 sensitivity	 for	 the	 dihydroxymetabolites.	 On	 the	 other	
hand,	using	 the	C18	column	 the	sensitivity	was	enough	good	 for	all	 the	analytes,	
but	 separation	 of	 the	 epimer	 from	 the	 other	 monohydroxymetabolites	 was	
impossible.	 For	 this	 reason	 a	 2DLC	 configuration	was	 developed	 to	 combine	 the	
good	 properties	 of	 each	 column	 in	 one	 single	 platform.	 First,	 the	












other	 monohydroxymetabolites	 and	 allowed	 its	 determination	 in	 human	 serum.	
Similarly,	the	precision	provided	by	this	platform	was	similar	to	that	in	Chapter	1:	
between-days	variability	below	11.6%,	and	within-day	variability	below	7.2%	for	




95.2%	 for	 the	 monohydroxymetabolites,	 including	 the	 3-epimer.	 On	 the	 other	




Finally,	 external	 validation	 encompassed	 two	 ways:	 a	 monohydroxymetabolites	




emphasizing	 the	 accuracy	 of	 the	 proposed	 approach	 for	 analysis	 of	 the	 three	















and	 its	 metabolites	 (e.g.,	 saliva,	 cerebrospinal	 fluid	 or	 dried	 blood	 spots),	 but	
serum	 and	 plasma	 persist	 as	 the	 main	 biological	 matrices	 for	 determination	 of	
these	 compounds	 because	 both	 can	 be	 easily	 obtained	 and	 contain	 the	 main	
metabolites	at	quantifiable	levels.	Therefore,	sample	preparation	protocols,	which	
depend	on	both	the	use	of	serum	or	plasma	and	the	analytes	to	be	determined,	had	
been	 published,	 but	 never	 compared	 among	 them.	 Two	 strategies	 for	 sample	
preparation	of	serum	and	plasma	were	assayed	(protein	precipitation	and	on-line	
SPE),	which	were	optimized	for	each	biological	matrix.	
Other	 critical	 variable	 owing	 to	 the	 nature	 of	 vitamin	 D	 metabolites	 is	 their	
stability	 in	 clinical	 samples.	 This	 is	 a	 key	 aspect	 for	 a	 reliable	 assessment	 of	 the	
quantitative	 results	 in	 epidemiological	 research.	 The	 behavior	 of	 the	 target	
analytes	from	blood	extraction	to	their	determination	has	a	critical	relevance.	How	
long	and	under	what	conditions	must	the	samples	be	stored	were	key	issues	to	be	
studied	 in	 depth	 as	 the	 stability	 of	 vitamin	 D	 metabolites	 in	 blood	 had	 been	
insufficiently	 studied	 so	 far.	 In	 fact,	 despite	 the	 instability	 in	 blood	 associated	 to	
vitamin	D	metabolites,	only	that	of	the	25(OH)D3	metabolite	had	been	studied.		
The	results	obtained	in	the	study	of	these	issues	are	discussed	in	detail	below.	
The	 research	 on	 the	 influence	 of	 the	 sample	 obtained	 from	 blood	 (serum	 or	
plasma)	 for	 quantitative	 analysis	 of	 the	 target	 analytes	 involved:	 (i)	 the	 type	 of	
sample,	serum	or	plasma;	(ii)	the	presence	of	gel	in	the	tubes	for	blood	collection	
(used	 to	 favor	 separation	 of	 serum	 or	 plasma	 from	 blood	 cells);	 and	 (iii)	 the	
evaluation	 of	 protein	 precipitation	 or	 automated	 SPE	 as	 sample	 preparation	











after	 SPE.	 According	 to	 the	 obtained	 LOQs,	 protein	 precipitation	 could	 not	 be	
recommended	for	sample	preparation	prior	to	analyze	dihydroxymetabolites	since	




precipitation:	 41.6	 µL	 (considering	 all	 the	 steps	 involved	 in	 this	 sample	
preparation	procedure)	versus	200	µL	for	the	SPE-based	method:	4.8	times	higher	
in	the	latter	case.		
The	 main	 variables	 involved	 in	 the	 automated	 SPE	 procedure	 for	 each	 type	 of	
sample	were	optimized.	The	different	composition	of	serum	and	plasma	provided	
differences	 in	 the	 steps	 involved	 in	 the	 SPE,	 especially	 in	 the	 loading	 step,	 in	
washing	of	 the	sorbent	cartridge	and,	 finally,	 in	 the	 time	required	 for	 the	elution	
step.	 The	 efficiency	 of	 the	 SPE	 step	 for	 each	 blood	 matrix	 was	 assessed	 by	













results	 were	 closer	 to	 100%)	 in	 plasma	 than	 in	 serum,	 except	 for	 vitamin	 D3.	
Nevertheless,	 a	more	 complex	 composition	of	 the	plasma	sample	gave	place	 to	a	





statistical	differences	were	 found,	which	means	 that	 serum	collected	 in	bare	and	
gel	 tubes	could	be	 indistinctly	used	 for	quantitative	analysis	of	vitamin	D	and	 its	
metabolites.	Therefore,	 the	use	of	plasma	and	plasma-gel	 tubes	 is	not	 critical	 for	
quantitative	determination	of	vitamin	D	metabolites,	which	are	the	main	objective	
from	a	clinical	perspective.	
The	 levels	of	 vitamin	D3	and	metabolites	 in	plasma	and	 serum	samples	 from	 the	
cohort	 under	 study	 were	 also	 statistically	 compared	 by	 the	 paired	 t-test	 (95%	
confidence	level),	which	allowed	detecting	no	statistical	differences	between	levels	
of	vitamin	D3,	25OHD3	and	24,25(OH)2D3	metabolites	 in	serum	and	plasma,	but	a	
significant	 difference	 in	 the	 concentration	 of	 1,25(OH)2D3.	 Therefore,	 plasma	
seems	 to	 be	 more	 suited	 than	 serum	 for	 quantitative	 analysis	 of	 1,25(OH)2D3,	
which	 is	 relevant	 to	 determine	 low	 levels	 of	 the	 active	 form.	 A	 Passing-Bablok	
regression	analysis	was	carried	out	with	the	concentration	obtained	in	serum	and	
plasma	of	 the	cohort	under	study.	The	regression	coefficients	 ranged	 from	0.518	
for	 1,25(OH)2D3	 to	 0.768	 for	 25(OH)D3.	 The	 validity	 of	 the	 linear	 models	 was	
studied	by	the	Cusum	test,	which	reported	no	significant	deviation	from	linearity	
for	 vitamin	 D3	 and	 its	 three	 metabolites	 (p-value	 of	 0.39	 for	 24,25(OH)2D3	 and	
close	to	0.86	for	the	rest	of	the	analytes).	
Concerning	 the	 study	 on	 stability	 of	 vitamin	 D	 and	 its	 principal	 metabolites	 in	
human	serum,	five	strategies	for	sample	storage	(room	temperature,	refrigeration	





months.	 Furthermore,	 the	 influence	 of	 freeze/thaw	 cycles	 on	 the	 target	 analytes	
was	also	evaluated	to	establish	the	number	of	freeze/thaw	cycles	that	can	be	used	
without	significant	degradation.	
The	 storage	 time	 played	 a	 relevant	 role	 in	 the	 stability	 of	 vitamin	 D	 and	 its	
principal	 metabolites,	 but	 with	 clear	 differences	 depending	 on	 the	 target	
compound.	 The	 active	 form,	 25(OH)D3,	 did	 not	 experience	 significant	
concentration	 changes	 when	 subjected	 to	 any	 of	 the	 storage	 strategies:	 it	 was	
stable	for	two	months	independently	of	the	storage	temperature.	On	the	contrary,	
room	 temperature	 causes	 significant	 degradation	 in	 vitamin	 D3	 after	 5	 days,	 in	
1,25(OH)2D3	after	3	days,	and	in	24,25(OH)2D3	since	the	first	day.	Refrigeration	at	
4	 °C	 also	 exerted	 different	 effect	 on	 each	 analyte:	 vitamin	D3	 showed	 significant	
degradation	after	10	days,	24,25(OH)2D3	after	30	days,	and	1,25(OH)2D3	after	two	
months.	 Finally,	 under	 freezer	 conditions	 the	 metabolites	 showed	 singular	
behaviors:	vitamin	D3	experienced	significant	degradation	after	refrigerated	for	10	
days;	1,25(OH)2D3,	and	24,25(OH)2D3	were	stable	during	the	two-month	study.	
In	 dealing	 with	 freeze/thaw	 cycles	 of	 serum	 aliquots	 of	 the	 pool	 stored	 in	 the	
freezer	at	two	different	temperatures	(–20°	C	and	–80	°C),	different	behavior	was	
observed	 for	 each	 analyte:	 vitamin	 D3	 and	 25(OH)D3	 did	 not	 suffer	 significant	
alterations	after	five	freeze/thaw	cycles	at	any	of	the	two	temperatures,	which	can	
be	 explained	 by	 their	 levels	 found	 in	 human	 serum	 (at	 the	 nmol/L).	 The	
concentration	of	 24,25(OH)2D3	 and	1,25(OH)2D3	 significantly	decreased	 after	 the	




Sample	 lyophilization	was	studied	as	an	alternative	 for	sample	storage	since	 this	
procedure	 stabilizes	 biological	 samples	 due	 to	 water	 removal,	 which	 minimizes	







at	 room	 temperature.	 Contrarily,	 vitamin	D3	was	 less	 stable	 than	 its	metabolites	
and	 suffers	 a	 significant	 decay	 in	 concentration	 after	 two	months.	 At	 short	 term	
(two	 months)	 the	 removal	 of	 water	 content	 seems	 to	 play	 a	 critical	 role	 to	
guarantee	the	stability	of	vitamin	D3	metabolites	at	room	temperature,	considering	
that	 the	 determination	 of	 these	 compounds	 in	 unfrozen	 aliquots	 suffered	 from	
significant	variations.	
Section	 III:	 Application	 of	 the	 developed	 methods	 to	 the	 massive	
determination	of	vitamin	D	and	its	metabolites	





different	 chronic	 disorders	 of	 humans,	 such	 as	 diabetes,	 multiple	 sclerosis,	
cardiovascular	diseases,	asthma,	several	types	of	cancer	—lung,	colorectal,	breast	
or	 prostate	 cancers—,	 Parkinson	 disease	 or	 cystic	 fibrosis.	 For	 this	 reason	 the	
research	 is	 focused	 on	 establishing	 the	 levels	 of	 vitamin	 D	 and	 its	 principal	
metabolites	as	a	novel	biomarker	of	different	pathologies.	
In	 this	 section,	 a	 total	 of	 2890	 human	 serum	 samples	 were	 analyzed	 by	 the	
developed	 methods.	 The	 studies	 were	 focused	 on	 determining	 the	 levels	 of	 the	
target	 analytes	 in	 subjects	 with	 multiple	 sclerosis,	 breast	 cancer	 or	 in	 pre-
menopausal	women	(Chapter	6).	
There	 are	 some	 pending	 issues	 related	 to	 vitamin	 D3	 metabolism,	 the	 main	 of	
which	 is	 the	 controversy	 on	 values	 of	 physiological	 and	 pathological	 levels	 of	





point	 to	 increase	 the	 knowledge	 and	 support	 the	 high	 involvement	 of	 this	








The	 results	 from	 the	 analysis	 the	 taget	 analytes	 in	 the	 population	 under	 study	
were:	(a)	for	calcidiol,	an	average	concentration	of	47.3	nmol/L	(4.8–79.8	nmol/L).	
A	result	in	agreement	with	previously	reported	serum	levels	for	this	metabolite	in	
healthy	 individuals	 (8–165	 nmol/L).	 (b)	 For	 cholecalciferol,	 whose	 average	
concentration	 was	 7.3	 nmol/L	 (1.7–12.2	 nmol/L),	 lower	 than	 that	 provided	 by	
Poongkody	et	al.,	who	reported	a	range	for	normal	individuals	between	18	and	150	
nmol/L.	(c)	For	the	active	form,	1,25(OH)2D3,	the	average	concentration	was	113.1	
pmol/L	 (43.2–148.5	pmol/L),	 quite	 similar	 to	 the	 range	provided	by	Hollis	et	al.	
(48–168	pmol/L).	 (d)	Finally,	 the	 average	 concentration	of	24,25(OH)D3	was	3.9	
nmol/L	 (0.3–8.5	 nmol/L),	 slightly	 lower	 than	 the	 data	 previously	 reported	 by	
Beacher	et	al.	as	the	normal	range	in	healthy	human	subjects	(2.8–30	nmol/L).	
Also	 the	 ratio	 values	 between	 pairs	 of	 analytes	 were	 calculated	 to	 evaluate	 the	
enzymatic	 activity	 in	 the	 vitamin	 D	 pathways.	 Thus,	 the	 ratio	 25(OH)D3/D3	was	
7.0±3.2,	 indicative	 of	 the	 enzymatic	 activity	 of	 25-hydroxylase	 in	 the	 first	
hydroxylation	 step.	 The	 conversion	 rate	 for	 production	 of	 the	 two	
dihydroxymetabolites	 was	 calculated	 by	 the	 24,25(OH)2D3/25(OH)D3	 and	








There	were	not	 significant	differences	 in	 the	 concentration	of	 vitamin	D3	 and	 its	
metabolites	as	a	function	of	age.	Concerning	the	BMI,	only	the	level	of	vitamin	D3	





D3	 deficiency	 through	 a	 decrease	 of	 metabolism.	 Vitamin	 D	 is	 liposoluble,	
therefore,	 it	 is	mainly	 stored	 in	 the	 adipose	 tissue	 that	 serves	 as	 an	 endogenous	
source	of	vitamin	D.	For	 this	 reason,	 individuals	with	high	BMI	and	WHI	present	
levels	 of	 vitamin	 D	 in	 blood	 lower	 than	 normal	 weight	 individuals.	 One	 other	
reason	explaining	the	association	of	obesity	and	vitamin	D	levels	is	the	suppressed	
expression	 of	 adipose	 25-hydroxylase	 in	 obese	 individuals,	 a	 key	 enzyme	 for	
regulation	of	vitamin	D	synthesis.	
The	 1,25(OH)2D3	metabolite	 did	 not	 report	 significant	 differences	 related	 to	 the	
values	of	BMI	and	WHR.	This	fact	could	be	justified	because	the	production	of	this	
metabolite	takes	place	in	different	tissues	(bone,	placenta,	prostate,	keratinocytes,	
macrophages,	T-lymphocytes,	 dendritic	 cells,	 several	 and	 the	parathyroid	 gland),	
where	the	enzyme	1α-hydroxylase	is	expressed.		
The	influence	of	the	seasonal	period	on	the	levels	of	vitamin	D3	and	its	metabolites	
was	also	 studied.	For	 this	purpose,	 the	 samples	were	organized	according	 to	 the	
seasonal	 period	 in	 which	 they	 were	 extracted:	 fall,	 winter,	 spring	 and	 summer.		
The	 ANOVA	 test	 revealed	 that	 vitamin	 D3	 (p-value	 0.003),	 25(OH)D3	 (p-value	






behavior	 corroborated	 that	 the	 season	 is	one	of	 the	main	 factors	 that	 affects	 the	
serum	levels	of	vitamin	D3	and	its	metabolites.	However,	a	memory	effect	seems	to	
exist	 that	would	 explain	why	 vitamin	D	 levels	 in	 fall	 and	winter	were	 above	 the	
concentrations	found	in	spring.		
A	 spatial	 factor	 was	 defined	 according	 to	 the	 geographical	 origin	 of	 samples	 by	





to	43N	 latitude	 is	 a	 coastal	 area.	 Exposure	 to	UV	 irradiation	 should	be	higher	 in	
these	areas	as	compared	to	other	latitudes.	On	the	other	hand,	24,25(OH)2D3	was	
found	 at	 higher	 concentrations	 in	 samples	 from	 individuals	 from	 41N	 latitude,	
which	is	another	coastal	area	in	the	northeast	of	Spain.			
As	 occurred	 with	 anthropometric	 factors,	 no	 association	 was	 found	 between	
season	and/or	latitude	with	levels	of	1,25(OH)2D3.	
An	additional	study	was	addressed	at	 finding	the	 influence	of	other	 factors	—viz.	
physical	 activity	 in	 the	 last	 5	 years	 (met-h/week),	 menopause	 status,	 calcium	
intake	 (g/day)	 and	 energy	 intake	 (kcal)—	 on	 vitamin	 D	 levels	 in	 blood.	 After	
statistical	evaluation	by	ANOVA	test,	only	calcium	and	energy	intake	contributed	to	
explain	 significantly	 the	 levels	 of	 vitamin	 D.	 The	 24,25(OH)2D3	 metabolite	 was	
significantly	 associated	 with	 calcium	 intake	 (p-value	 0.02).	 The	 increase	 of	 the	
concentration	 of	 this	metabolite	with	 the	 increased	 intake	 of	 calcium	 suggests	 a	
correlation	 between	 calcium	 levels	 and	 formation	 of	 24,25(OH)2D3,	 the	 main	
product	 of	 vitamin	 D3	 catabolism.	 Some	 studies	 have	 already	 suggested	 that	
calcium	intake	could	 influence	25(OH)D3	metabolic	consumption,	and	also	seems	
to	 increase	 the	 half-life	 of	 25(OH)D3.	 These	 two	 effects	 should	 affect	 the	









Concerning	 the	 national	 and	 international	 research	 centers	 that	 have	 demanded	
for	the	analysis	of	vitamin	D	metabolism	in	different	clinical	studies,	in	all	cases	the	
main	 aim	 of	 the	 analyses	 was	 to	 establish	 associations	 between	 vitamin	 D	
concentrations	 and	 different	 disorders	 as	 multiple	 sclerosis,	 breast	 cancer,	 or	
physiological	states	such	as	menopause.	




was	 that	 high	 levels	 of	 25(OH)D3	were	 associated	with	 a	 low	 risk	 from	multiple	
sclerosis.	A	 total	of	52%	of	patients	 reported	vitamin	D	deficiency	by	 setting	 the	
cut-off	 level	 at	 50	 nmol/L.	 During	 follow-up	 (median:	 7.17	 years),	 55	 patients	















strategies	 aimed	 at	 improving	 vitamin	 D	 levels	 would	 be	 desirable,	 taking	 into	
account	the	high	proportion	of	women	with	inadequate	concentration	of	25(OH)D.		




nulliparous	 women.	 The	 protective	 effect	 of	 vitamin	 D	 on	 MD	 and	 the	 high	























Las	 conclusiones	 más	 destacadas	 de	 la	 investigación	 dedicada	 al	 desarrollo	 de	
nuevas	 plataformas	 para	 la	 determinación	 de	 la	 vitamina	 D	 y	 sus	 principales	
metabolitos	se	pueden	resumir	como	sigue::	
• El	 método	 automatizado	 para	 el	 análisis	 cuantitativo	 de	 la	
vitamina	D	y	sus	principales	metabolitos	proporciona	una	rápida	
separación	 cromatográfica	 de	 las	 vitaminas	 D3	 y	 D2	 y	 los	
metabolitos	 1,25(OH)2D3,	 24,25(OH)2D3,	 1,25(OH)2D2,	 25(OH)D3,	
25(OH)D2	 en	 muestras	 de	 suero,	 utilizando	 un	 volumen	 de	
muestra	 pequeño	 (250	 µL).	 El	 método	 se	 mejoró	 utilizando	 el	
deuterado	 correspondiente	 a	 cada	 analito	 para	 compensar	 los	
efectos	de	supresión	de	 la	 ionización	y	otros	errores	producidos	
durante	el	análisis.	
• Se	 ha	 desarrollado	 otra	 plataforma,	 basada	 en	 la	 separación	
cromatográfica	 bidimensional,	 para	 agregar	 la	 separación	 de	 los	
epímeros	de	25(OH)D3	al	resto	de	los	metabolitos	de	la	vitamina	
D.	 Por	 lo	 tanto,	 se	 determinan	 ocho	 analitos	 en	 un	 solo	 análisis	
con	 suficiente	 sensibilidad	 para	 su	 cuantificación	 en	 suero	
humano	(a	nivel	de	nmol/L	o	pmol/L).	
• Ambas	 plataformas	 se	 han	 caracterizado	 y	 validado	 mediante	




Los	estudios	dirigidos	a	 conocer	el	efecto	de	 la	preparación	de	 la	muestra	en	 los	






• La	 preparación	 de	 la	 muestra	 basada	 en	 SPE	 proporciona	 ,	 para	
todos	 los	 metabolitos	 de	 la	 vitamina	 D,	 límites	 de	 cuantificación	
más	 bajos	 que	 la	 precipitación	 de	 proteínas	 debido	 a	 la	 diferente	
cantidad	de	muestra	inyectada	en	la	columna:	4.8	veces	mayor	en	el	
caso	 de	 la	 SPE.	 Este	 comportamiento	 hace	 que	 la	 etapa	 de	
precipitación	 de	 proteínas	 sea	 inadecuada	 para	 la	 preparación	 de	
muestras	cuando	los	analitos	diana	son	los	dihidroximetabolitos.	
• El	 tipo	 de	 matriz	 biológica	 (suero	 o	 plasma)	 influye	 en	 la	
sensibilidad	 del	 método,	 de	 forma	 que	 el	 plasma	 es	 mejor	 para	
determinar	 los	 dihidroximetabolitos,	 mientras	 que	 el	 suero	 es	 el	
más	 adecuado	 para	 la	 determinación	 de	 los	 dos	
monohidroximetabolitos.	
• El	 uso	 de	 tubos	 de	 recolección	 para	 suero	 o	 plasma	 con	 o	 sin	





la	 conservación	 de	 la	 muestra	 (referidas	 tanto	 al	 tiempo	 de	
almacenamiento	como	a	los	ciclos	de	congela-ción/descongelación)	
deben	mantenerse	para	la	medición	de	todos	los	metabolitos	de	la	
vitamina	 D3	 en	 estudios	 clínicos,	 donde	 la	 sensibilidad	 es	 un	
parámetro	crítico,	concretamente:	
(1)	 Los	 metabolitos	 de	 la	 vitamina	 D3	 son	 estables	 durante	 dos	






(2)	 El	 número	 de	 ciclos	 de	 congelación/descongelación	 debe	
limitarse	 a	 dos,	 si	 los	 analitos	 son	 los	 dos	 metabolitos	
dihidroxilados;	 mientras	 que	 el	 25(OH)D3	 y	 la	 vitamina	 D3	 se	
pueden	 determinar	 después	 de	 cinco	 ciclos	 sin	 ningún	 cambio	
significativo.	




analitos	 diana	 en	 muestras	 para	 de	 investigaciones	 clínicas	 demostró	 su	
funcionalidad	a	través	de	los	siguientes	casos:	
• Un	 estudio	 completo	 del	metabolismo	 de	 la	 vitamina	 D3	 en	 una	
cohorte	de	558	mujeres.	
• Los	 niveles	 de	 25(OH)D3	 y	 1,25(OH)2D3	 en	 suero	 de	 la	 cohorte	
estudiada	 coincidieron	 con	 los	 informados	 previamente	 en	





• El	 análisis	 estadístico	 de	 los	 datos	 ha	 puesto	 de	manifiesto	 que	
existen	 varias	 variables	 que	 afectan	 a	 los	 niveles	 de	 vitamina	D:	
los	valores	altos	de	IMC	o	ICC	están	directamente	correlacionados	
con	 niveles	 de	 vitamina	 D	 inferiores	 a	 los	 normales,	 mientra	 la	
obesidad	parece	 estar	 asociada	 con	 la	deficiencia	de	 vitamina	D.	
Los	aspectos	estacionales	y	geográficos	influyen	en	los	niveles	de	






• Tanto	 la	 ingesta	 de	 calcio	 como	 de	 calorías	 pueden	 afectar	 el	
metabolismo	de	la	vitamina	D	y	su	control	tendría	un	impacto	en	
los	niveles	de	vitamina	endógena.	
• Tres	 centros	 de	 investigación	 nacionales	 e	 internacionales	 han	
solicitado	el	 análisis	de	 la	vitamina	D	y	sus	metabolitos	en	2890	
muestras	de	suero	para	determinar	el	metabolismo	de	la	vitamina	
D	 en	 diferentes	 estudios	 clínicos	 realizados	 a	 lo	 largo	 del	
desarrollo	de	la	Tesis.		



















The	most	 outstanding	 conclusions	 from	 the	 research	devoted	 to	developing	new	
platforms	to	determine	vitamin	D	and	its	principal	metabolites	can	be	summarized	
as	follows:	
• The	 automated	 method	 developed	 for	 quantitative	 analysis	 of	
vitamin	 D	 and	 its	 main	 metabolites	 provides	 a	 fast	 chromato-
graphic	 separation	 of	 vitamins	 D3	 and	 D2	and	 	 the	 1,25(OH)2D3,	
24,25(OH)2D3,	 1,25(OH)2D2,	 25(OH)D3,	 25(OH)D2	 metabolites	 in	
serum	 samples,	 using	 a	 small	 sample	 volume	 (250	 	 µL)	 The	
platform	was	improved	using	SIL-ISs	to	compensate	for	ionization	
suppression	effects	and	other	errors	produced	along	the	analysis.	
• Another	 platform,	 based	 on	 two-dimensional	 chromatographic	
separation,	 has	 been	 developed	 to	 add	 the	 separation	 of	 the	
epimers	of	25(OH)D3	 to	 the	 rest	of	 vitamin	D	metabolites.	Thus,	
eight	analytes	are	determined	in	one	single	analysis	with	enough	




of	 total	 25(OH)D	 and	 1,25(OH)2D—,	 and	 a	 standard	 reference	
material	 certified	 by	 NIST	 to	 validate	 the	 individual	
determination	of	the	25(OH)D3	epimers.	
The	 studies	 aimed	 at	 knowing	 the	 effect	 of	 sample	 preparation	 on	 vitamin	 D	
metabolites,	 either	 from	 human	 serum	 or	 plasma,	 yielded	 the	 following	 con-
clusions:	
• Sample	 preparation	 based	 on	 SPE	 provides	 lower	 quantitation	
limits	 for	 all	 vitamin	D	metabolites	 than	protein	precipitation	due	





higher	 in	 the	 case	 of	 SPE.	 This	 behavior	 makes	 the	 protein	
precipitation	 step	 inappropriate	 for	 sample	 preparation	 when	
dihydroxymetabolites	are	the	target	analytes.	
• The	 type	 of	 biological	 matrix	 (serum	 or	 plasma)	 influences	 the	
sensitivity	 of	 the	method	 in	 such	 as	 way	 that	 plasma	 is	 better	 to	












(2)	The	number	of	 freeze/thaw	cycles	 should	be	 limited	 to	 two,	 if	
the	 target	 analytes	 are	 the	 two	 dihydroxy	 metabolites;	 whereas	
25(OH)D3	and	vitamin	D3	would	be	accurately	determined	after	five	
cycles	without	any	significant	effect.		







The	massive	 application	 of	 the	 developed	 platforms	 to	 the	 determination	 of	 the	
target	analytes	in	samples	from	clinical	investigaciones	proved	their	functionality	
through	the	following	cases:	
• A	 complete	 study	 of	 the	 metabolism	 of	 vitamin	 D3	 in	 a	 558-
women	cohort.	




• The	 ratio	 between	 given	 target	 analytes	 could	 be	 used	 as	
indicative	of	the	enzymatic	activity,	showing	a	global	behavior	of	
the	enzymatic	pathway	involved	in	the	metabolism	of	vitamin	D.	
• The	 statistical	 analysis	 of	 the	 data	 shows	 several	 variables	 that	
affect	 the	 levels	 of	 vitamin	 D:	 high	 values	 of	 BMI	 or	 WHR	 are	
directly	 correlated	 with	 lower	 than	 normal	 levels	 of	 vitamin	 D,	




and	a	 control	of	 them	would	have	an	 impact	on	 the	endogenous	
vitamin	levels.	
• Three	national	and	international	research	centers	have	demanded	
for	 the	 analysis	 of	 vitamin	 D	 and	 metabolites	 in	 2890	 serum	
samples	 to	 determine	 vitamin	D	metabolism	 in	 different	 clinical	
studies	carried	out	along	the	development	of	the	Thesis.		
• In	 all	 cases	 the	 main	 aim	 of	 the	 analyses	 was	 to	 establish	
associations	 between	 vitamin	 D	 concentrations	 and	 different	









































The	 role	 of	 vitamin	 D	 in	 mammographic	 density	 (MD)	 is	 still	 unclear	
(inconsistent).	 This	 study	 examines	 the	 association	 between	 serum	 25-
hydroxyvitamin	 D	 (25(OH)D)	 and	 MD,	 overall	 and	 by	 specific	 women	
characteristics.	We	conducted	a	cross-sectional	study	where	1409	premenopausal	




computer	 tool	 (DM-Scan).	 Multivariable	 linear	 regression	 models	 were	 used	 to	
quantify	 the	 associations,	 categorizing	 25(OH)D	 levels	 (nmol/L)	 into	 3	 groups	
according	 to	 the	 cutoffs	 established	 by	 the	 US	 Endocrine	 Society.	 Models	 were	
adjusted	 for	 age,	 education,	 body	mass	 index,	 age	 at	menarche,	 parity,	 previous	
breast	biopsies,	family	history	of	breast	cancer,	physical	activity,	energy	intake,	use	
of	 corticoids,	 hypercholesterolemia	 and	 day	 of	 sample	 extraction.	 Mean	 serum	
25(OH)D	levels	was	49.4	+	18.9	nmol/L.	women	with	sufficient	concentrations	of	
25(OH)D	 showed	a	 slight	decrease	 in	MD	 (β	 >75nmol/L=-3.31;	 p=0.042),	 	with	 a	no	
significant	dose-response	trend	(β	per	10	nmol/L=-0.32;	p=0.195).	No	differences	were	
observed	according	 to	women	characteristics	except	 for	parity,	where	a	stronger	
protective	 effect	 was	 seen	 in	 nulliparous	 (β	 >75nmol/L	 =-13.14;	 p-
heterogeneity=0.007).	In	light	of	the	protective	effect	of	vitamin	D	on	MD	and	the	
































































































Two-dimensional	 liquid	 chromatography	 coupled	 to	 tandem	 mass	











Cromatografía	 bidimensional	 para	 la	 determinación	 de	 vitamina	 D	 y	 sus	
principales	 metabolitos,	 incluyendo	 la	 3-epi-25(OH)D3,	 mediante	
espectrometría	de	masas		


















































D3	 o	 colecalciferol	 y	 vitamina	 D2	 o	 ergocalciferol)	 ha	 puesto	 de	 manifiesto	 en	
múltiples	investigaciones	su	capacidad	de	modificación	en	presencia	de	diferentes	
enfermedades.	 Su	 deficiencia	 se	 asocia	 con	 enfermedades	 óseas	 y	
cardiovasculares,	diabetes,	hipertensión	y	una	amplia	variedad	de	tipos	de	cáncer,	
entre	 las	 más	 importantes.	 	 Esta	 vitamina,	 inactiva	 biológicamente	 como	 tal,	 se	
hidroxila	 en	 el	 hígado	 formándose	 el	 metabolito	 25-monohidroxivitamina	 D	
[25(OH)D]	 conocido	 como	 la	 forma	 circulante	 en	 sangre,	 y	 posteriormente	 se	
vuelve	a	hidroxilar	en	el	 riñón	así	 como	en	diversos	 tejidos	y	células	del	 sistema	
inmune	 formándose	 1,25-dihidroxivitamina	 D	 [1,25(OH)2D],	 que	 es	 la	 forma	
activa.	Este	metabolito	se	encuentra	en	concentraciones	de	pg/mL	en	el	organismo	
humano	 y	 en	 animales,	 por	 lo	 que	 el	 estudio	 de	 su	 evolución	 y	 efecto	 es	
tremendamente	 complicado.	 No	 existen	 métodos	 fiables,	 suficientemente	
validados,	para	la	determinación	de	calcitriol	(1,25(OH)2D3)	en	fluidos	biológicos.	
Los	 kits	 comerciales	 para	 este	 dihidroximetabolito	 están	 basados	 en	





















The	 analysis	 of	 vitamin	D	 status,	with	 special	 emphasis	 on	25-hydroxyvitamin	D	
and	 1,25-dihydroxyvitamin	 D,	 is	 gaining	 interest	 in	 clinical	 studies	 due	 to	 the	
classical	and	non-classical	effects	attributed	to	this	prohormone.	 In	this	research,	
two	studies	were	developed:	optimization	of	the	method	for	quantitative	analysis	
of	 vitamin	 D	 (both	 D2	 and	 D3)	 and	 its	 main	 metabolites	 —monohydroxylated	
vitamin	D	(25-hydroxyvitamin	D2	and	25-hydroxyvitamin	D3)	and	dihydroxylated	
metabolites	 (1,25-dihydroxyvitamin	 D2,	 1,25-dihydroxyvitamin	 D3	 and	 24,25-
dihydroxyvitamin	 D3)	 in	 human	 serum,	 and	 the	 influence	 of	 the	 two	 steps	
preceding	 determination	 (viz.	 sample	 collection	 and	 preparation)	 on	 the	
quantitative	analysis	of	these	analytes.	The	quantitative	method	is	based	on	direct	
analysis	of	serum	by	an	automated	platform	involving	on-line	coupling	of	a	solid-
phase	 extraction	 (SPE)	 workstation	 to	 a	 liquid	 chromatograph–tandem	 mass	
spectrometer.	 Detection	 of	 the	 seven	 analytes	 was	 carried	 out	 by	 the	 selected	
reaction	monitoring	(SRM)	mode,	and	quantitative	analysis	was	supported	on	the	
use	 of	 stable	 isotopic	 labeled	 internal	 standards	 (SIL-ISs).	 The	 method	 was	
externally	validated	according	to	the	vitamin	D	External	Quality	Assurance	Scheme	
(DEQAS)	 through	 the	 analysis	 of	 ten	 serum	 samples	 provided	 by	 this	 organism.	
The	 analytical	 features	 of	 the	method	 support	 its	 applicability	 in	 nutritional	 and	
clinical	 studies	 targeted	 at	 elucidating	 the	 role	 of	 vitamin	 D	 metabolism.	 Two	
preparation	approaches,	deproteination	and	SPE,	have	been	additionally	evaluated	
in	terms	of	sensitivity	to	delimit	their	application,	thus	establishing	that	detection	
of	 1,25-dihydroxyvitamin	 D	 cannot	 be	 addressed	 by	 protein	 precipitation.	
Statistical	analysis	revealed	that	serum	and	plasma	provided	similar	physiological	
levels	 for	 vitamin	 D3,	 24,25-dihydroxyvitamin	 D3	 and	 25-hydroxyvitamin	 D3,	
while	 significantly	 different	 levels	 were	 obtained	 for	 1,25-dihydroxyvitamin	 D3,	

























The growing interest in the clinical effects of vi-
tamin D and its metabolites has also increased 
the development of new methods for their de-
termination. In addition to the well known role 
of vitamin D to maintain calcium homeostasis 
and prevent rickets and osteomalacia, other dis-
eases such as pathogenesis of autoimmune dis-
eases, cardiovascular disorders, infectious dis-
eases, even inhibition of progression of breast, 
colon or pancreas cancer have been related to 
abnormal concentrations or ratios of vitamin D 
metabolites in humans. Recent studies have also 
shown the presence of the C3-epimer form 
of 25(OH)D3 in human serum, thus revealing 
that vitamin D can be metabolized through a 
parallel pathway, despite the enzyme responsi-
ble for 3-epimerization has not been identified. 
For these reasons, a method based on auto-
mated on-line solid phase extraction coupled 
to two-dimensional liquid chromatography with 
tandem mass spectrometry detection (SPE–
2DLC–MS/MS) was developed for absolute 
quantitative profiling of vitamin D metabolites 
in human serum. Two-dimensional LC was con-
figured with two complementary analytical col-
umns, pentafluorophenyl (PFP) and C18 phases, 
for determination of 25 hydroxyvitamin D3 
epimers and the rest of bioactive metabolites 
of vitamin D (D3 and D2) —25-hydroxyvita-
min D2, 1,25-dihydroxyvitamin D3, 1,25-dihy-
droxyvitamin D2 and 24,25-dihydroxyvitamin 
D3. Quantitative determination was supported 
on the use of a stable isotopic labelled inter-
nal standard for each analyte and the resulting 
method was validated by analysis of a standard 
reference material certified by the National In-
stitute of Standards & Technology (NIST-972a) 
and 5 samples provided by the vitamin D Exter-
nal Quality Assurance Scheme (DEQAS). The 
limits of detection were between 9–90 pg/mL 
for the eight analytes, and precision, expressed 
as relative standard deviation, was lower than 
11.6%. Two-dimensional LC has shown to be 
the key to discriminate between 25 hydroxyvi-
tamin D3 epimers in a quantitative analysis also 
involving dihydroxyvitamin D metabolites.
P52. Two-dimensional liquid chromatography coupled to tandem mass spectrome-
try for vitamin D metabolite profiling including the C3-epimer-25-monohydroxyvi-
tamin D3. 
Authors: A. Mena-Bravo, F. Priego-Capote, M. D. Luque de Castro.
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IMPROVED SPE–LC–MS/MS PLATFORMS FOR DETERMINATION OF VITAMIN 
D AND ITS METABOLITES 
 
A. Mena-Bravoa,b,c, F. Priego-Capotea,b,c, M. D. Luque de Castroa,b,c 
aDepartment of Analytical Chemistry, Annex Marie Curie Building. Campus of 
Rabanales, University of Córdoba, Córdoba, Spain. 
bUniversity of Córdoba Agroalimentary Excellence Campus, ceiA3, Córdoba, 
Spain.  
cMaimónides Institute of Biomedical Research (IMIBIC), Reina Sofía University 
Hospital, University of Córdoba, Córdoba, Spain. 
 
The analysis of vitamin D status, with special emphasis on 25-hydroxyvitamin D and 
1,25-dihydroxyvitamin D, is gaining interest in clinical studies due to the classical and 
new effects attributed to this prohormone. The developed research involved three 
steps: (1) the in-depth study of the two steps preceding determination (viz. sample 
collection and sample preparation) of vitamin D: both D2 and D3 and its main 
metabolites —monohydroxylated vitamin D (25-hydroxyvitamin D2 and 25-
hydroxyvitamin D3) and dihydroxylated metabolites (1,25-dihydroxyvitamin D2, 1,25-
dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D3)— in human serum [1]; (2) 
optimization of the analysis step of  the target analytes [2]; and (3) improvement of the 
method to include quantification of the C3-epimer of 25(OH)D3 with the rest of 
bioactive metabolites of vitamin D. 
(1) Statistical analysis revealed that serum and plasma provided similar physiological 
levels for vitamin D3, 24,25-dihydroxyvitamin D3 and 25-hydroxyvitamin D3, while 
significantly different levels were obtained for 1,25-dihydroxyvitamin D3, always higher 
in plasma than in serum. Two preparation approaches, deproteination and SPE, were 
evaluated in terms of sensitivity, thus establishing that detection of 1,25-
dihydroxyvitamin D cannot be addressed by protein precipitation. Therefore, sample 
collection and treatment proved to be significant in the analysis of vitamin D and its 
relevant metabolites.  
(2) The quantitative method was based on direct analysis of serum by an automated 
platform using the on-line coupling of a solid-phase extraction (SPE) workstation to a 
liquid chromatograph–tandem mass spectrometer. Detection of the seven analytes was 
carried out by the selected reaction monitoring (SRM) mode, and quantitative analysis 
was supported on the use of stable isotopic labeled internal standards (SIL-ISs). 
(3) Finally, a new approach based on automated SPE coupled to two-dimensional 
liquid chromatographic with tandem mass spectrometry detection was developed for 
discrimination of 25 hydroxyvitamin D3 epimers. Two-dimensional LC was configured 
with two complementary analytical columns, pentafluorophenyl (PFP) and C18 phases, 
for determination of C3-epimer-25 hydroxyvitamin D3 and the rest of bioactive 
metabolites of vitamin D (D3 and D2) —25 hydroxyvitamin D3, 25-hydroxyvitamin D2, 
1,25-dihydroxyvitamin D3, 1,25-dihydroxyvitamin D2 and 24,25-dihydroxyvitamin D3. 
The method was externally validated according to the vitamin D External Quality 
Assurance Scheme (DEQAS) through the analysis of ten serum samples provided by 
this organism, and also by analysis of a standard reference material certified by the 
National Institute of Standards & Technology (NIST-972a). 
The analytical features of the method support its applicability in nutritional and clinical 
studies targeted at elucidating the role of vitamin D metabolism. 
 
[1] A. Mena-Bravo, F. Priego-Capote, M.D. Luque de Castro, Anal. Chim. Acta 879 (2015) 69–
76 
[2] A. Mena-Bravo, C. Ferreiro-Vera, F. Priego-Capote, M.A. Maestro, A.Mouriño, J.M. 
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and	 D2)	 and	 its	 main	 bioactive	 metabolites	 –	 monohydroxy	 metabolites	 (25	
hydroxyvitamin	 D3	 and	 25	 hydroxyvitamin	 D2,	 including	 the	 C3-epimer	 of	 25	
hydroxyvitamin	 D3)	 and	 dihydroxy	 metabolites	 (1,25	 dihydroxyvitamin	 D3,	 1,25	
dihydroxyvitamin	D2	 and	 24,25	 dihydroxyvitamin	D3)	 in	 human	 serum	has	 been	
developed.	The	method	 is	based	on	automated	 solid-phase	extraction	 coupled	 to	
bidimensional	 chromatography,	 using	 pentafluorophenyl	 and	 C18	 columns,	
followed	 by	 mass	 spectrometry	 determination.	 Quantitative	 analysis	 was	
supported	on	 the	use	of	 stable	 isotopic	 labeled	 internal	 standard	of	each	analyte	
and	validated	by	Standard	Reference	Material	provided	by	the	National	Institute	of	
Standards	 &	 Technology	 (NIST–972a)	 and	 DEQAS	 (vitamin	 D	 External	 Quality	
Assurance	 Scheme).	 The	 limits	 of	 detection	 were	 between	 9–90	 pg/mL	 for	 the	
eight	 analytes,	 while	 precision,	 expressed	 as	 relative	 standard	 deviation,	 was	



























P11. Stability study for analysis of Vitamin D and its principal metabolites in serum 
samples
Authors: Mena-Bravo A., Calderón-Santiago M., Luque de Castro M.D., Priego-Capote F.
Affiliations: aMaimónides Institute of Biomedical Research (IMIBIC), Reina Sofía University 
Hospital, University of Córdoba, Córdoba, Spain. bDepartment of Analytical Chemistry, Annex 
Marie Curie Building. Campus of Rabanales, University of Córdoba, Córdoba, Spain. cUniver-
sity of Córdoba Agroalimentary Excellence Campus, ceiA3, Córdoba, Spain. 
The role of vitamin D to prevent non-skele-
tal diseases such as cancer, autoimmune, 
cardiovascular or infectious disorders has 
been related to abnormal concentrations or 
ratios of vitamin D metabolites in humans. 
This connection has launched the interest 
in the clinical effects of vitamin D and its 
metabolites and also the development of 
new analytical methods with extra levels of 
sensitivity and selectivity. In this context, the 
stability of vitamin D metabolites and their 
lifetime in clinical samples have an essential 
relevance to ensure the quality of results. For 
this reason, a stability study of vitamin D3 
and its metabolites - 25(OH)D3, 24,25(OH)2D3 
and 1,25(OH)2D3 - in human serum has been 
developed by testing four different ways 
of samples storage (at room temperature, 
in a refrigerator at 4 ºC, and freezer at -20 
ºC and -80 ºC) for two months. Additionally, 
the influence of freeze-thaw cycles on the 
concentration of the target analytes was 
evaluated. Serum samples were analyzed 
by an automated SPE-LC-MS/MS method 
that is participating in an external validation 
program termed DEQAS.
The four analytes experienced some dif-
ferences in stability according to the stor-
age conditions. As example, the circulating 
form, 25(OH)D3, only provided a decrease 
of concentration under room temperature 
storage, while 24,25(OH)2D3 was only stable 
in the studied period after freezing at -80 
ºC. Concerning freeze-thaw cycles, the two 
dihydroxymetabolites decreased their con-
centration after the third cycle; while the 
rest of analytes were stable after five freeze-
thaw cycles. An additional test was based 
on the stability in lyophilized samples stored 
for two months, which revealed that the four 
analytes were stable under lyophilisation of 
the serum sample. This strategy could open 
a promising way to store serum/plasma for 
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Publication Number: P3-09-01
Title: Vitamin D and breast cancer risk by pathologic subtypes in Spain (MCC-Spain)
Marina Pollán1,2, Virginia Lope1,2, Adela Castelló1,2, Antonio Mena-Bravo3, Pilar Amiano2,4, Nuria Aragonés1,2, Tania
Fernández-Villa2,5, Marcela Guevara2,6, Trinidad Dierssen2,7, Guillermo Fernández-Tardón2,8, Gemma Castaño-Vinyals2,9, Rafael
Marcos-Grajera2,10, Víctor Moreno2,11, Dolores Salas-Trejo12, Marian Díaz-Santos13, Manolis Kogevinas2,9, Beatriz Pérez-Gómez1,2
and Feliciano Priego-Capote3. 1National Center for Epidemiology; Carlos III Institute of Health, Madrid, Spain; 2Consortium for
Biomedical Research in Epidemiology & Public Health (CIBERESP), Madrid, Spain; 3University of Córdoba, Córdoba, Spain;
44Public Health Division of Gipuzkoa, BioDonostia Research Institute, Sam Sebastian, Guipuzcoa, Spain; 5University of León,
Institute of Biomedicine (IBIOMED), León, Spain; 6Instituto de Salud Pública de Navarra, IdiSNA, Pamplona, Navarra, Spain;
7University of Cantabria—IDIVAL, Santander, Cantabria, Spain; 8IUOPA University of Oviedo, Oviedo, Asturias, Spain; 9ISGlobal,
Centre for Research in Environmental Epidemiology (CREAL), Barcelona, Spain; 10Epidemiology Unit & Girona Cancer Registry,
Oncology Coordination Plan, Autonomous Government of Catalonia, Girona, Spain; 11IDIBELL-Catalan Institute of Oncology,
L'Hospitalet de Llobregat, Barcelona, Spain and 1212Consellería de Sanidad Universal y Salud Pública, Generalitat Valenciana,
Fundación para el Fomento de la Investigación Sanitaria y Biomédica de la Comunidad Valenciana (FISABIO), Valencia, Spain.
Body: Introduction: Vitamin D (VD) is involved in proliferation, apoptosis, differentiation, invasion and metastasis.
Epidemiological studies show a clear protective effect of VD for colorectal cancer, while the evidence for breast cancer (BC) is
less conclusive. Up to 50% of the population worldwide may have insufficient levels of 25-OH-vitamin D (25OHVD), the biomarker
reflecting VD status. Our goal was to study the association between serum 25OHVD and BC risk by pathologic subtype in a
subsample of BC cases/controls from a large case-control study in Spain.
Methods: MCC-Spain is a population-based multicase-control study on environmental and genetic factors
(http://www.mccspain.org/). Here, we selected 558 BC cases who donated blood samples before starting chemotherapy,
radiotherapy or hormonotherapy and 558 controls were frequently matched -by region, age and body mass index (BMI). 25OHVD
was estimated by chromatograph-mass spectrometer in a sample of 200 µL serum. The effect (OR) of 25OHVD was estimated
from mixed logistic regression models (random term = region), adjusted for age, BMI, menopausal status, reproductive factors
family history of BC, previous biopsies, hypercholesterolemia, hormonal treatment, skin color, tobacco, physical activity and
season of sampling. We used multinomial models -with the same co-factors- to estimate the association according to BC
pathologic subtypes: a) luminal: ER+ or PR+ with HER2-, b) HER2+, and c) triple negative (TN): ER-, PR- and HER2- .
Results: 25OHVD levels were available in 546 cases and 558 controls. Mean 25OHVD was 48.2 nmol/L in controls and 43.6 in
cases (P<0.01). Overall, BC risk decreased with increasing 25OHVD levels (OR per 10 nmol/L=0.88: P<0.001), with no
differences in pre- and postmenopausal women. While similar ORs were found for luminal and HER2+ tumors (OR per 10
nmol/L= 0.89 and 0.88 respectively), a stronger effect was observed for TN (OR=0.64, P-heterogeneity: 0.039). No differences
were observed according to TNM stage (P-heterogenity=0.706). Among BC cases, similar 25OHVD levels were observed in
cases sampled in weeks 1&2 and weeks 3&4 after diagnosis, but 25OHVD level was lower among cases sampled > 1 month
after diagnosis. A sensitivity analysis including only BC cases sampled in the first month showed a slightly lower effect (OR per 10
nmol/L=0.92; P=0.034), similar to the effect reported in meta-analyses of cohort studies. This analysis confirmed the stronger
association found for TN tumors (OR= 0.53, P=0.001; P-heterogeneity=0.012). Finally the dose-response analysis showed a
downward (protective) effect up to concentrations around 90 nmol/L, from which the risk increased. However, only 3% of women
had levels over 90 nmol/L.
Conclusions: To our knowledge, this is the 1st study providing information on the effect of VD by BC subtypes. Our results show
a clear protective effect, particularly against TN tumors.
Funding: Spain's Health Research Fund (Fondo de Investigación Sanitaria - FIS PI12/00488); Ministry of Health (EC11-273).
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1,25(OH)2D:	1,25-dihydroxyvitamin	D.	
1,25(OH)2D2:	1,25-dihydroxyvitamin	D2.	
1,25(OH)2D3:	1,25-dihydroxyvitamin	D3.	
24,25(OH)3D:	24,25-dihydroxyvitamin	D.	
24,25(OH)2D3:	24,25-dihydroxyvitamin	D3.	
25(OH)D:	25-hydroxyvitamin	D.	
25(OH)D2:	25-hydroxyvitamin	D2.	
25(OH)D3:	25-hydroxyvitamin	D3.	
3-epi-25(OH)D3:	3-epi-25-hydroxyvitamin	D3.	
ACE:	automatic	cartridge	exchange.	
ACN:	acetonitrile.	
ALTM:	all-laboratory	trimmed	mean.	
ANOVA:	one-way	analysis	of	variance.	
APCI:	atmospheric	pressure	chemical	ionization.	
APPI:	atmospheric	pressure	photoionization.	
BMI:	body	mass	index.	
CE:	capillary	electrophoresis.	
CLIA:	chemiluminescence	immunoassays.	
CPB:	competitive	protein	binding	assay.	
CYP24:	cytochrome	P450-1,25-dihydroxyvitamin	D3	24-hydroxylase.	
CYP27B1:	cytochrome	P450-25-hydroxyvitamin	D3	1alpha-hydroxylase.	
DAD:	diode	array	detector.	
DBP:	vitamin	D	binding	protein.	
DBS:	dried	blood	spots.	
DEQAS:	vitamin	D	External	Quality	Assurance	Scheme.	
DIMS:	direct	infusion	mass	spectrometry.	
EICs:	extracted	ion	chromatograms.	
ELISA:	enzyme	linked	immune	sorbent	Assay.	
ESI+:	electrospray	ionization	in	positive	mode.	
FI:	flow-injection.	
FTICR:	Fourier	transform	ion	cyclotron	resonance.	
GC:	gas	chromatography.	
HPDs:	high-pressure	syringe	dispensers.	
IDS:	immuno	diagnostic	systems.	
IS:	internal	standard	
LC:	liquid	chromatography.	
LC–MS/MS:	liquid	chromatography–tandem	mass	spectrometry.	
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LLE:	liquid–liquid	extraction.	
LOD:	limit	of	detection.	
LOQ:	limit	of	quantitation.	
MEs:	matrix	effects.		
MRM:	multiple	reaction	monitoring.	
MS:	mass	spectrometry.	
NIST:	National	Institute	of	Standards	&	Technology.	
NMR:	nuclear	magnetic	resonance.	
OT:	Orbitrap.	
PFP:	pentafluorophenyl.	
PP:	protein	precipitation.	
PTAD:	4-phenyl-1,2,4-triazolie-3,5-dione.	
Q:	single	quadrupole.	
QC:	quality	control.	
QIT:	quadrupole	ion	trap.	
QqQ:	triple	quadrupole.	
QTOF:	quadrupole	time	of	flight.		
RIA:	radioinmunoassay.	
RP–LC:	reversed-phase	liquid	chromatography.	
RRB:	radioreceptor	binding.		
RSD:	relative	standard	deviation.	
SAM:	standard	addition	method.	
SF:	supercritical	fluid.	
SFC:	supercritical	fluid	chromatography.	
SIL-IS:	stable	isotopic	labeled	internal	standards.	
SOPs:	standard	operating	procedures.		
SPE:	solid	phase	extraction.	
SRM:	selected	reaction	monitoring.	
TOF:	time	of	flight.	
VDES:	vitamin	D	endocrine	system.	
VDR:	vitamin	D	receptor.	
WHR:	waist-to-hip	ratio	
	
	
